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MM2H Bb biBHH #/ Q` T+F2i i`MbKBbbBQM
rBHH #2 /272``2/ `#Bi``BHv 2p2M i?Qm;? T+F2i HQbb Bb M BbQHi2/ M/ mM+Q``2Hi2/ Q++m``2M+2X
aBM+2 KQbi Q7 i?2 2M2`;v BM rB`2H2bb b2MbQ` M2irQ`Fb Bb bT2Mi QM /i +QKKmMB+iBQM- 2{+B2Mi
i`MbKBbbBQM b+?2K2b BM+Q`TQ`iBM; +?MM2H +?`+i2`BbiB+b UbiiBbiB+bV `2 +`BiB+H b i?2v BK@
T`Qp2 i?2 `2HB#BHBiv M/ HB72iBK2 Q7 i?2 M2irQ`FbX i T`2b2Mi- i?2 T?vbB+H Hv2` +QKTQM2Mib
KBMHv +i2` iQ HBMF [mHBiv ~m+imiBQM- T?vbB+H Hv2` 2KTHQvb bi`i2;B2b bm+? b /vMKB+
`i2 /TiiBQM- /vMKB+ +?MM2H HHQ+iBQM- Q` /vMKB+ i`MbKBbbBQM TQr2` /DmbiK2Mi iQ
KBMiBM HBMF [mHBivX h?2b2 bi`i2;B2b- ?Qr2p2`- ?p2  HBKBi2/ b+QT2 b i?2v `2 +T#H2 Q7
?M/HBM; QMHv b?Q`i@i2`K ~m+imiBQMbX 6Q`@2tKTH2- BM+`2bBM; i`MbKBbbBQM TQr2` /Q2b MQi
z2+i i?2 HBMF [mHBiv ~m+imiBQM BM KMv +QM/BiBQMbX h?2 bK2 +M #2 bB/ #Qmi /vMKB+
+?MM2H HHQ+iBQMX hQ i?2 #2bi Q7 Kv FMQrH2/;2- 2tBbiBM; i`Mb+2Bp2`b r?B+? +QKTHv rBi? i?2
RXkX h?2bBb P#D2+iBp2b j
A111 3ykXR8X9 biM/`/ /Q MQi bmTTQ`i /vMKB+ `i2 /TiiBQMX
Hi2`MiBp2Hv- i?2 J* Hv2` +M /2H rBi? HBMF [mHBiv ~m+imiBQM #v T`QpB/BM; 2{+B2Mi T+F2i
i`MbKBbbBQM b+?2K2b i?i ?p2 KB//H2@iQ@HQM;@i2`K b+QT2X PM2 Q7 i?2b2 b+?2K2b +M #2 #m`bi
i`MbKBbbBQM- 2p2M i?Qm;? Bi rb }`bi T`QTQb2/ iQ //`2bb  /Bz2`2Mi +QM+2`M- MK2Hv- +?B2pBM;
?B;? i?`Qm;?Tmi (a_S+yd- aP6RR- *E"+R9)X AMbi2/ Q7 KFBM; MQ/2b +QKT2i2 iQ rBM 
+?MM2H 7Q` 2+? T+F2i i?2v i`MbKBi Ub Bb i?2 +b2 rBi? A111 3ykXRR M/ A111 3ykXR8X9
+QMi2MiBQM #b2/ K2/BmK ++2bb bT2+B}+iBQMbV- i?2 ;QH Bb iQ 2M#H2 MQ/2b iQ i`MbKBi KmHiBTH2
T+F2ib BM #m`bi QM+2 i?2v rBM  K2/BmKX h?Bb b+?2K2 /Bb`2;`/b 7B`M2bb- #mi 2tT2`BK2Mi
`2bmHib bm;;2bi i?i i?2 Qp2`HH M2irQ`F i?`Qm;?Tmi +M #2 bB;MB}+MiHv BM+`2b2/X h?Bb bK2
TT`Q+? +M #2 mb2/ iQ /2H rBi? HBMF [mHBiv ~m+imiBQMX aBM+2 rB`2H2bb b2MbQ` M2irQ`Fb `mM
Qp2`  HQM; T2`BQ/ Q7 iBK2- 2MQm;? /i +M #2 +QHH2+i2/ #Qmi +?MM2H +?`+i2`BbiB+b iQ #2
mb2/ iQ /2i2`KBM2 i?2 /m`iBQM Q7 ;QQ/ M/ #/ HBMF [mHBivX
RXk h?2bBb P#D2+iBp2b
h?2 ?B;?Hv /vMKB+ HBMF [mHBiv BM rB`2H2bb b2MbQ` M2irQ`Fb `2[mB`2b  #m`bi i`MbKBbbBQM
b+?2K2 r?B+? /Tib iQ i?2 HBMF +?M;2b iQ pQB/ T+F2i HQbb2b M/ `2/m+2 2M2`;v +QMbmKTiBQM
mTQM `2i`MbKBbbBQMX JQbi 2tBbiBM; Q` T`QTQb2/ #mHFf#m`bi i`Mb72` T`QiQ+QHb /Q MQi iF2 BMiQ
++QmMi i?2 mM/2`HvBM; HBMF [mHBiv ~m+imiBQM BM A111 3ykXR8X9 M2irQ`Fb H2/BM; iQ rbi2 Q7
b+`+2 `2bQm`+2b BM `2bQm`+2 +QMbi`BM2/ qaLbX h?2`2 `2 b2p2`H rvb iQ /2H rBi? HBMF [mHBiv
~m+imiBQM bm+? b BM+`2bBM; i`MbKBbbBQM TQr2`- +?MM2H ?QTTBM;- bvM+?`QMQmb i`MbKBbbBQM
M/ HBMF 2biBKiBQMfT`2/B+iBQMX h?2 7Q+mb Q7 i?Bb i?2bBb Bb QM i?2 K2i?Q/b Q7 2biBKiBQMX
h?2`2 `2 i?`22 K2i?Q/b iQ //`2bb i?2 T`Q#H2K Q7 HBMF HQbb2b BM #m`bi i`MbKBbbBQM, UV ?Hi
T+F2i i`MbKBbbBQM QM  bBM;H2 7BHm`2 7Q`  }t2/ T2`BQ/- U#V ?Hi T+F2i i`MbKBbbBQM QM i?`22
+QMb2+miBp2 T+F2i HQbb2b 7Q`  p`B#H2 T2`BQ/ Q7 iBK2- M/ U+V T`2/B+i i?2 7mim`2 /m`iBQM Q7
;QQ/ M/ TQQ` +?MM2H [mHBiB2bX
hQ 2tTHBM i?2b2 i?`22 QTiBQMb BM /2iBH- };m`2 RXR BHHmbi`i2b /Bz2`2Mi bi`i2;B2b Q7 ?M/HBM;
HBMF [mHBiv ~m+imiBQM rBi? iBK2@p`vBM; +?MM2HbX amTTQb2 i?2 [mHBiv Q7  ;Bp2M rB`2H2bb
HBMF Bb /2b+`B#2/ b b?QrM BM i?2 };m`2 RXR UiQTVX h?2 i?`2b?QH/ HBM2 Bb /`rM iQ bm;;2bi i?i
T+F2ib rBi?  HBMF [mHBiv K2i`B+ #2HQr i?Bb i?`2b?QH/ rBHH MQi #2 /2HBp2`2/ bm++2bb7mHHvX A7 
i`MbKBii2` ?b i?Bb BM7Q`KiBQM  T`BQ`B- Bi rBHH biQT i`MbKBiiBM; 2t+iHv #27Q`2 i?2 HBMF [mHBiv
9 *?Ti2` RX AMi`Q/m+iBQM
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Sleep: CSMA 
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D D D D D D D D D D
Sleep 














6B;m`2 RXR,  *QKT`BbQM Q7 .Bz2`2Mi ai`i2;B2b iQ .2H rBi? SQQ` *?MM2H ZmHBiv 7Q` "m`bi
h`MbKBbbBQM BM qB`2H2bb a2MbQ` L2irQ`Fb
7HHb #2HQr i?2 i?`2b?QH/ HBM2X Ai rBHH `2bmK2 i`MbKBbbBQM r?2M Bi `Bb2b #Qp2 i?2 i?`2b?QH/
HBM2X "mi i?Bb BM7Q`KiBQM Bb BKTQbbB#H2 iQ Q#iBM  T`BQ`BX
b i?2 HBMF [mHBiv 7HHb #2HQr i?2 i?`2b?QH/ M/  bBM;H2 T+F2i /`QTb U};m`2 RXR b?QrM BM
TT`Q+? RV- i?2 i`MbKBiiBM; MQ/2 ?Hib T+F2i i`MbKBbbBQM 7Q`  bT2+B}+ KQmMi Q7 iBK2- i?2M
Bi `2bmK2b #m`bi i`MbKBbbBQMX A7- mTQM `2bmKBM; i`MbKBbbBQM- i?2 T+F2i Bb biBHH HQbi- b+?2K2
bmbT2M/b i`MbKBbbBQM QM+2 ;BM 7Q` i?2 bK2 /m`iBQMX .m`BM; bmbT2MbBQM- i?2 `/BQ Bb im`M2/
Qz iQ bp2 2M2`;vX h?2 bmbT2MbBQM T2`BQ/ Bb /2i2`KBM2/ 2KTB`B+HHvX h?2 b2+QM/ TT`Q+?-
U};m`2 RXR b?QrM BM TT`Q+? kV- /Q2b MQi bmbT2M/ i`MbKBbbBQM mTQM  bBM;H2 T+F2i 7BHm`2c
BMbi2/- Bi ii2KTib iQ `2i`MbKBi i?2 HQbi T+F2ibX A7 i?2 ii2KTi Bb MQi bm++2bb7mH 7Q` i?2 M@i?
iBK2- i?2 b+?2K2 T2`7Q`Kb  `M/QK #+F@Qz #27Q`2 ii2KTiBM; iQ `2bmK2 i`MbKBbbBQMX A7 Bi
biBHH 7BHb- Bi BM+`2b2b i?2 #+F@Qz rBM/Qr 2tTQM2MiBHHv M/ T2`7Q`Kb  `M/QK #+F@Qz QM+2
;BMX
 KQ`2 2{+B2Mi TT`Q+? T`QTQb2/ BM i?Bb i?2bBb U};m`2 RXR b?QrM BM TT`Q+? jV `2HB2b QM
i?2 biiBbiB+b Q7 BM+QKBM; *E T+F2ib BM Q`/2` iQ /2i2`KBM2 i?2 2tT2+i2/ /m`iBQMb Q7 ;QQ/
M/ #/ bii2bX AM  biiB+ /2THQvK2Mi- i?2 HBMF [mHBiv ~m+imiBQM biiBbiB+b +M #2 b22M b
biiBQM`v BM  rB/2 b2Mb2X AM i?Bb +b2- Bi Bb bm{+B2Mi iQ i`MbKBi  H`;2 MmK#2` Q7 T+F2ib
QM+2- 2bi#HBb? i?2 biiBbiB+b Q|BM2- /2i2`KBM2 i?2 2tT2+i2/ /m`iBQMb Q7 ;QQ/ M/ #/ bii2b-
M/ mb2 i?Bb FMQrH2/;2 iQ b+?2/mH2 T+F2i i`MbKBbbBQM M/ bH22T iBK2bX h?2b2 biiBbiB+b +M
#2 `27`2b?2/ i `mMiBK2 #v 2pHmiBM; i?2 HBMF [mHBiv K2i`B+b Q7 `2+2Bp2/ *E T+F2ibX
RXjX h?2bBb *QMi`B#miBQMb 8
h?Bb i?2bBb HbQ BKb iQ KQ/2H i?2 HBMF [mHBiv ~m+imiBQMb BM /Bz2`2Mi 2MpB`QMK2Mib M/ mM@
/2` /Bz2`2Mi +QMbi`BMb Ubm+? b KQ#BHBivV #v 2biBKiBM; i?2 +Q``2+i bBx2 Q7  #m`biX 6m`i?2`
BM i?2 i?2bBb i?2 Qmi+QK2 Q7 b?`BM; HBMF [mHBiv BM7Q`KiBQM rBi? M2B;?#Qm`b QM i?2 Qp2`HH
i?`Qm;?Tmi- 2M/@iQ@2M/ Hi2M+v M/ TQr2` +QMbmKTiBQM Q7  rB`2H2bb b2MbQ` M2irQ`FX
RXj h?2bBb *QMi`B#miBQMb
AM i?Bb i?2bBb- #Qi? b?Q`i M/ HQM;@i2`K HBMF [mHBiv ~m+imiBQM `2 rQ`F2/ QM #v mbBM; T`Q#@
#BHBiv 2biBKiBQM i2+?MB[m2bX h?2 BMp2biB;iBQM Q7 HBMF [mHBiv ~m+imiBQM #2;BMb #v T2`7Q`KBM;
 H`;2@b+H2 2KTB`B+H bim/vX h?Bb bim/v ?2HTb mM/2`biM/ ?Qr HBMF [mHBiv #2?p2b mM/2`
/Bz2`2Mi +QM/BiBQMb M/ 2MpB`QMK2MibX Ai Hvb i?2 #bBb 7Q` Kv Ki?2KiB+H KQ/2HX A +QMiBMm2
#v T`QTQbBM; #m`bi i`MbKBbbBQM i2+?MB[m2b i?i /2H rBi? /Bz2`2Mi HBMF [mHBiv ~m+imiBQMb iQ
BKT`Qp2 i?2 i?`Qm;?Tmi M/ 2M2`;v +QMbmKTiBQMX HH i?2 i`MbKBbbBQM i2+?MB[m2b T`2b2Mi2/
BM i?Bb /Bbb2`iiBQM ?p2 #22M /2THQv2/ M/ 2pHmi2/ QM `2H h2HQb" b2MbQ` MQ/2bX h?2 2pH@
miBQMb `2p2H ?B;? T2`7Q`KM+2 ;BM BM i2`Kb Q7 i?`Qm;?Tmi- T+F2i HQbb- /2Hv M/ TQr2`
+QMbmKTiBQM +?B2p2/ #v 2+? i`MbKBbbBQM i2+?MB[m2X h?2 /2iBH2/ `2bmHib `2 /2b+`B#2/ BM
i?2 BM/BpB/mH +?Ti2`bX h?2 bT2+B}+ +QMi`B#miBQMb Q7 i?Bb /Bbb2`iiBQM `2 ?B;?HB;?i2/ #2HQrX
RX 1KTB`B+H aim/v Q7 GQr SQr2` qB`2H2bb *?MM2H U*?Ti2` jV, h?2 HBMF [mHBiv
BM rB`2H2bb b2MbQ` M2irQ`Fb Bb ?B;?Hv /vMKB+ /m2 iQ i?2 BM?2`2Mi 72im`2b Q7 HQr@TQr2`
rB`2H2bb i`Mb+2Bp2`b mb2/ #v b2MbQ` MQ/2bX h?2 i`Mb+2Bp2` i`MbKBib  HQr@TQr2` bB;MH
mbBM; M QM@#Q`/ Mi2MM r?B+? Bb ?B;?Hv T`QM2 iQ BMi2`72`2M+2 M/ KmHiB@Ti? 7/BM;X
h?2 HBKBiiBQM Q7 i?2 A111 3ykXR8X9 `/BQ i`Mb+2Bp2` M/ i?2 ?B;?Hv /vMKB+ 2MpB`QMK2Mi
BM r?B+? i?2 b2MbQ` M2irQ`Fb `2 /2THQv2/ z2+ib i?2 [mHBiv Q7 rB`2H2bb HBMFb- r?B+? BM
im`M z2+ib i?2 T2`7Q`KM+2 Q7 +QKKmMB+iBQM T`QiQ+QHbX GBMF /vMKB+b M22/ iQ #2 iF2M
BMiQ ++QmMi r?2M /2bB;MBM; +QKKmMB+iBQM T`QiQ+QHbX hQ +[mB`2  #2ii2` mM/2`biM/BM;
Q7 i?2 T`Q#H2K-  +QKT`2?2MbBp2 2KTB`B+H bim/v rb +QM/m+i2/ mbBM;  i2bi#2/ (CwqRd)-
/2bB;M2/ DQBMiHv #v Kv +QHH2;m2 M/ K2- BM /Bz2`2Mi 2MpB`QMK2MibX h?2 Tm`TQb2 Q7
i?Bb bim/v Bb irQ@7QH/X h?2 }`bi ;QH Bb iQ +[mB`2  ;QQ/ mM/2`biM/BM; Q7 HBMF [mHBiv
#2?pBQm` BM /Bz2`2Mi 2MpB`QMK2Mib UBM/QQ` M/ Qmi/QQ`V- mbBM; biiB+ M/ KQ#BH2 MQ/2b-
mbBM; /Bz2`2Mi i`MbKBbbBQM T`K2i2`b Ui`MbKBi TQr2`- /BbiM+2- BMi2` T+F2i BMi2`pH
UASAV 2i+XV M/ BM i?2 T`2b2M+2 Q7 BMi2`72`2M+2 UBMi2`MH M/ 2ti2`MHVX h?2 b2+QM/ Bb iQ
e *?Ti2` RX AMi`Q/m+iBQM
BMp2biB;i2 M/ }M/ i?2 +Q``2HiBQM BM bB;MH bi`2M;i? U_aaA- aL_- GZAV M/ T+F2i HQbb
U__- S__V mbBM; i?2 pBH#H2 M/ 2ti2MbBp2 /i@b2ibX
h?2 2KTB`B+H bim/v `2p2Hb bQK2 mb27mH BMbB;?i QM HBMF [mHBiv ~m+imiBQM 7Q` biiB+ M/
KQ#BH2 b+2M`BQbX AM biiB+ /2THQvK2Mi- HQM;@i2`K ~m+imiBQM Qp2`  T2`BQ/ Q7 iBK2 Bb
Q#b2`p2/ M/ HBMF HQbb2b M/ bm++2bb2b b?Qr `2T2i2/ Tii2`MbX h?2 `2bQM 7Q` i?2b2
Tii2`Mb Bb  ;`/mH +?M;2 BM i?2 2MpB`QMK2Mi Ui?2 `2bmHi Q7 2tT2`BK2Mib +QM/m+i2/ BM
#mBH/BM; HQ##v M/ ;`/2M /m`BM; MQM@#mbv ?Qm`bVX >Qr2p2`- BM +b2 Q7  `TB/Hv +?M;BM;
2MpB`QMK2Mi- HBMF [mHBiv b?Qrb b?Q`i@i2`K HBMF ~m+imiBQMb Ui?2 `2bmHi Q7 2tT2`BK2Mib
+QM/m+i2/ BM +72i2`B /m`BM; #mbv ?Qm`bVX *?Ti2` j /2b+`B#2b BM /2iBH i?2 2KTB`B+H
bim/v Q7 rB`2H2bb +?MM2Hb M/ T`2b2Mib  /2iBH2/ MHvbBb Q7 HBMF [mHBiv ~m+imiBQM 7Q`
rB`2H2bb b2MbQ` M2irQ`FbX
kX M P|BM2 TT`Q+?, GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb U*?Ti2` 9V,
h?2b2 2KTB`B+H bim/B2b +QM}`K i?i HBMF [mHBiv ~m+imi2b +QMbB/2`#Hv 2p2M BM  biiB+
/2THQvK2MiX >2M+2- mM/2`biM/BM; bi#H2 /m`iBQMb- ;QQ/ M/ #/ HBF2- +M +QMi`B#mi2
iQ i?2 2{+B2Mi i`MbKBbbBQM Q7 T+F2ibX JQbi 2tBbiBM;- Qz@i?2@b?2H7 i`Mb+2Bp2`b KF2 HBMF
[mHBiv BM/B+iQ` K2i`B+b pBH#H2 iQ ?B;?2`@Hv2` b2`pB+2b BM+Hm/BM; i?2 `2+2Bp2/ bB;MH
bi`2M;i? BM/B+iQ` U_aaAV- i?2 HBMF [mHBiv BM/B+iQ` UGZAV- M/ i?2 #+F;`QmM/ MQBb2
H2p2HX lM7Q`imMi2Hv- Bi Bb MQi TQbbB#H2 iQ 2bi#HBb? /2i2`KBMBbiB+ `2HiBQMb?BTb #2ir22M
i?2b2 K2i`B+b M/ bm++2bb7mH T+F2i /2HBp2`vX S+F2ib +M #2 bm++2bb7mHHv i`MbKBii2/ rBi?
 +2`iBM T`Q##BHBiv 2p2M r?2M i?2 K2i`B+b BM/B+i2 i?i i?2 HBMF Bb #/ M/ pB+2 p2`bX
hQ KQ/2H i?2 HQM;@i2`K HBMF [mHBiv ~m+imiBQM BM  biiB+ b+2M`BQ- irQ Q|BM2 TT`Q+?2b
`2 T`QTQb2/- QM2 #b2/ QM +QM/BiBQMH T`Q##BHBiv- M/ MQi?2` QM  irQ@bi;2 J`FQp
KQ/2HX h?2b2 Q|BM2 TT`Q+?2b b?Qr i?i BM biiB+ /2THQvK2Mi HBMF [mHBiv ~m+imiBQM
biiBbiB+b +M #2 `2;`/2/ b biiBQM`v BM  rB/2 b2Mb2X h?2`27Q`2- T2`BQ/B+Biv BM i?2 HBMF
[mHBiv ~m+imiBQM +M #2 2tTHQBi2/ iQ /2bB;M +QKKmMB+iBQM T`QiQ+QHbX h?2 }`bi KQ/2H
mb2b  +QM/BiBQMH /Bbi`B#miBQM 7mM+iBQM iQ /2b+`B#2 i?2 `2HB#H2 M/ mM`2HB#H2 /m`iBQM Q7
 +?MM2HX h?2 b2+QM/ KQ/2H mb2b F@K2M +Hmbi2`BM; iQ /2b+`B#2 HBMF [mHBiv ~m+imiBQM
QMiQ +QmMi#H2 `2;BQMbX 7i2`r`/- bii2 i`MbBiBQM T`Q##BHBiB2b `2 +H+mHi2/ Q|BM2 QM
i?2 #bBb Q7 i?2 `2HiBQMb?BT #2ir22M __ pbX aL_ bi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HX(.>Rd) T`QTQb2 M 2{+B2Mi #m`bi i`MbKBbbBQM mbBM;  KmHiB@Ti? TBT2HBM2 bi`i2;v
7Q` KmHiB@?QT b2MbQ` M2irQ`FbX h?2v //`2bb i?2 T`Q#H2K Q7 mM`2HB#BHBiv BM TBT2HBM2 i`MbKBb@
bBQM b i?2 T`2b2M+2 Q7  bBM;H2 #/ HBMF HQM; i?2 Ti? +M biHH i?2 i`MbKBbbBQM +QKTH2i2HvX
h?2 +v+H2@iBK2 UiBK2 `2[mB`2/ iQ i`MbKBi T+F2i 7`QK bQm`+2 iQ /2biBMiBQMV Bb /Dmbi2/ #v
2+? MQ/2 QM i?2 Ti?X h?Bb HHQrb i?2 MQ/2b iQ `2i`MbKBi i?2 HQbi T+F2i pQB/BM; TBT2HBM2
biHHBM; M/ BKT`QpBM; 2M2`;v 2{+B2M+v Q7 i?2 M2irQ`FX >Qr2p2`- H2p2`;BM; 2ti` bHQi M/ `2H
iBK2 +QKTmiiBQM Q7 +v+H2@iBK2 Bb +QbiHv BM i2`Kb Q7 2M2`;v 2{+B2M+v M/ i`MbKBbbBQM /2HvX
h?2 7Q+mb Q7 i?2 #Qp2 T`QiQ+QHb Bb iQ +?B2p2 ?B;? i?`Qm;?TmiX "mi i?2b2 T`QiQ+QHb /Q MQi
iF2 HBMF [mHBiv ~m+imiBQMb BMiQ +QMbB/2`iBQM 2p2M i?Qm;? HBMF [mHBiv ~m+imiBQMb `2 QM2
Q7 i?2 KQbi bB;MB}+Mi +?HH2M;2b 7Q` rB`2H2bb HBMFb- T`iB+mH`Hv- 7Q` i?Qb2 HBMFb 2bi#HBb?2/
#2ir22M KQ#BH2 MQ/2bX .m[m2MMQv 2i HX (aP6RR) //`2bb i?Bb T`Q#H2K M/ T`QTQb2  ;2M2`B+
#m`bi@7Q`r`/BM; U"6V i2+?MB[m2 r?B+? +QK#BM2b /miv +v+H2 rBi? ?B;? i?`Qm;?Tmi BM #mHF /i
i`Mb72`X "6 2KTHQvb  irQ@H2p2H `2i`MbKBbbBQM b+?2K2 iQ Qp2`+QK2 BbQHi2/ M/ +QMb2+miBp2
HQbb2bX i i?2 }`bi H2p2H Q7 `2i`MbKBbbBQM-  HQbi T+F2i Bb `2i`MbKBii2/ BKK2/Bi2HvX A7
`2i`MbKBii2/ T+F2ib `2 HQbi `2T2i2/Hv rBi?BM  }t2/ T2`BQ/ Q7 iBK2- i?2 J* Hv2` biQTb
#m`bi i`MbKBbbBQM M/ #+Fb@Qz mbBM; *aJf1"X
AM (>>.Ry)- i?2 mi?Q`b 2KTHQv  >B//2M J`FQp JQ/2H U>JJV iQ 2biBKi2 i?2 /m`iBQMb Q7
TQQ` +?MM2H [mHBiv Ur?i i?2v +HH-  Tmb?@#+F T2`BQ/VX h?2v }M/ i?i B7  i`MbKBbbBQM Bb
bm++2bb7mH- i?2 M2ti T+F2i rBHH #2 i`MbKBii2/ BKK2/Bi2Hvc B7- ?Qr2p2`-  i`MbKBbbBQM 7BHb-
i?2M i?2 M2ti i`MbKBbbBQM Bb Tmb?2/ #+F #v F@bHQibX
PM2 Qi?2` rv Q7 /2HBM; rBi? HBMF [mHBiv ~m+imiBQM M/ BKH2bb +QMi2MiBQM Bb iQ 2KTHQv
/Bp2`bBiv b+?2K2b r?2`2 QM2 M/ i?2 bK2 T+F2i Bb bBKmHiM2QmbHv i`MbKBii2/ #v KMv b2M/2`b
iQ KmHiBTH2 `2+2Bp2`bX _2+2MiHv- b2p2`H `2b2`+?2`b (.*R9- 6wGPRR- .*GRj) ?p2 T`QTQb2/
R9 *?Ti2` kX _2Hi2/ qQ`F
bvM+?`QMQmb i`MbKBbbBQM BM Q`/2` iQ 2tTHQBi i?2 *QMbi`m+iBp2 AMi2`72`2M+2 U*AV M/ i?2 *Tim`2
1z2+i U*1V T?2MQK2MQM BM Q`/2` iQ BKT`Qp2 i?2 i?`Qm;?Tmi Q7 i?2 bvbi2K M/ KBiB;i2 HBMF
HQbb2bX >Qr2p2`- i?Bb TT`Q+? `2[mB`2b bi`B+i bvM+?`QMBbiBQMX h?2b2 TT`Q+?2b Kv T`QpB/2
?B;? i?`Qm;?Tmi- #mi Bi Bb i i?2 +Qbi Q7 ?B;? TQr2` +QMbmKTiBQMX
kXj GBMF ZmHBiv 6Hm+imiBQM
PM2 7+iQ` r?B+? +QMbB/2`#Hv z2+ib i?2 T2`7Q`KM+2 b r2HH b i?2 HB72iBK2 Q7 rB`2H2bb b2MbQ`
M2irQ`Fb Bb HBMF [mHBiv ~m+imiBQMbX GBMF [mHBiv ~m+imiBQMb +M `2/m+2 i?`Qm;?Tmi- BM+`2b2
T+F2i /2HBp2`v Hi2M+v M/ 2M2`;v +Qbi- /m2 iQ i?2 `2i`MbKBbbBQM Q7 HQbi Q` +Q``mTi2/ T+F2ibX
h?Bb Bb T`iB+mH`Hv i`m2 7Q` rB`2H2bb b2MbQ` M2irQ`Fb r?B+? `2 /2THQv2/ BM ?`b? 2MpB`QMK2MibX
h?2 i2`K ǳ?`b?Ǵ b?QmH/ #2 mM/2`biQQ/ #`Q/Hv- 7Q` KMv m`#M /2THQvK2Mib Ubm+? b 7Q`
i`{+ KQMBiQ`BM;- TBT2HBM2 KQMBiQ`BM;- bi`m+im`H ?2Hi? KQMBiQ`BM;V r?2`2 ?mKM M/ +`
KQp2K2Mib `2 `2;mH` M/ +M 2tT2`B2M+2  H`;2 T+F2i HQbb `i2 (ESSRy)X h?2 [mHBiv Q7 
`/BQ bB;MH Bb ?B;?Hv /vMKB+ M/ +?M;2b Qp2` iBK2X a2p2`H 7+iQ`b i?i BKT+i bB;MH [mHBiv
`2 2MpB`QMK2Mi- ?`/r`2- BMi2`72`2M+2- M/ KQ#BHBivX
kXjXR 1MpB`QMK2MiH 6+iQ`b
h?2 T`QT;iBQM Q7 `/BQ bB;MHb /2T2M/b QM i?2 ivT2 Q7 2MpB`QMK2Mi BM r?B+? Bi QT2`i2b- bm+?
b BM/QQ` U?QK2- Q{+2- #mBH/BM; HQ##vV Q` Qmi/QQ` Ubi`22ib- ;`/2M- #`B/;2bVX 1MpB`QMK2Mi
7+iQ`b BM+Hm/2 Ti?@HQbb- KmHiBTi?- M/ b?/QrBM;X
Ç Si?@HQbb, AM rB`2H2bb +QKKmMB+iBQM- Ti?@HQbb Bb /2}M2/ b i?2 `2/m+iBQM BM i?2 TQr2`
Q7 M 2H2+i`QK;M2iB+ rp2 b Bi T`QT;i2b i?`Qm;? 7`22 bT+2X  Ti?@HQbb KQ/2H +H@
+mHi2b i?2 `2+2Bp2/ bB;MH bi`2M;i? i  +2`iBM /BbiM+2 7`QK i?2 i`MbKBii2`X h?Bb +M
#2 2tT`2bb2/ b (hoy8),
L = 10n log10 (d) + C UkXRV
r?2`2 G Bb i?2 Ti?@HQbb BM /2+B#2Hb- M /2MQi2b i?2 Ti?@HQbb 2tTQM2Mi- / Bb i?2 /BbiM+2
#2ir22M i?2 i`MbKBii2` M/ i?2 `2+2Bp2` M/ * Bb  +QMbiMi 7Q` bvbi2K HQbb2bX
kXjX GBMF ZmHBiv 6Hm+imiBQM R8
Ç JmHiBTi?, JmHiBTi? Bb i?2 T?2MQK2M BM r?B+? i?2 `/BQ bB;MH i`p2Hb mbBM; /Bz2`2Mi
`Qmi2b iQ `2+? i?2 `2+2Bp2`X h?2 KBM 7+iQ`b i?i +mb2 KmHiB@Ti? `2 b+ii2`BM;-
`2~2+iBQM- `27`+iBQM- M/ /Bz`+iBQMX
Ç a?/QrBM;, h?2 T?2MQK2M BM r?B+?  `/BQ bB;MH Bb Q#bi`m+i2/ #v  H`;2 Q#D2+i Bb
+HH2/ b?/QrBM;X
kXjXk >`/r`2
qB`2H2bb b2MbQ` MQ/2b 2KTHQv bBKTH2 `/BQ +?BTb bm+? b U**Ryyy-h_Ryyy-**k9ky M/ **k8yyV
/m2 iQ  HQr@TQr2` +QMbi`BMiX h?2b2 `/BQ +?BTb i`MbKBi HQr@TQr2` bB;MHb r?B+? `2 ?B;?Hv 7@
72+i2/ #v BMi2`MH MQBb2- BMi2`72`2M+2- M/ KmHiBTi?X h?2 rB/2Hv mb2/ b2MbQ` MQ/2b- h2HQb"fhJQi2
b2MbQ`- `2 2[mBTT2/ rBi?  HQr@;BM Mi2MM T`BMi2/ QM i?2 #Q`/ T`QpB/BM; B``2;mH` `/BiBQM
Tii2`Mb M/ `2bmHiBM; BM MQM@mMB7Q`K +QKKmMB+iBQM `M;2 (LG+Rk)X
kXjXj AMi2`72`2M+2
h?2 `/BQ bB;MH +M HbQ #2 ?KT2`2/ #v _6 BMi2`72`2M+2X h?2 bQm`+2 Q7 BMi2`72`2M+2 +M #2
BMi2`MH Q` 2ti2`MHX AMi2`MH BMi2`72`2M+2 Q++m`b r?2M irQ b2MbQ` MQ/2b i`MbKBi i i?2 bK2
iBK2 U+QM+m``2Mi i`MbKBbbBQMVX q?BH2 2ti2`MH BMi2`72`2M+2 Q++m`b /m2 iQ +`Qbb i2+?MQHQ;v bm+?
b "Hm2iQQi? UA111 3ykXR8XRV M/ qB6B UA111 3ykXRRV i?i QT2`i2b QM i?2 bK2 7`2[m2M+v
#M/ b HQr@TQr2` A111 3ykXR8X9 (>aR9)X
kXjX9 JQ#BHBiv
JQ#BHBiv Q7 b2MbQ` MQ/2b `2 2bb2MiBH 7Q` KMv TTHB+iBQMb BM rB`2H2bb b2MbQ` M2irQ`Fb BM `2b
bm+? b i?2 ?2Hi?+`2 bvbi2K- MBKH KQMBiQ`BM; M/ i`+FBM;- M/ ?QK2 miQKiBQMX JQ#BHBiv
/2i2`BQ`i2b i?2 [mHBiv Q7 i?2 `/BQ bB;MH +QMbB/2`#Hv `2bmHiBM; BM ?B;? T+F2i HQbb2bX q?2M
b2MbQ` MQ/2b KQp2- b2p2`H 7+iQ`b +M z2+i i?2 HBMF [mHBiv- BM+Hm/BM; i?2 bm//2M b?F2 Q7 
MQ/2-  #B; #HQ+F;2 #2ir22M i`MbKBii2` M/ `2+2Bp2`- Q` `M/QK Mi2MM /B`2+iBQMbX
GBMF [mHBiv ~m+imiBQM Bb mbmHHv iF2M +`2 Q7 i T?vbB+H M/ J* Hv2`X i i?2 T?vbB+H
Hv2` /Bz2`2Mi bi`i2;B2b ?p2 #22M T`QTQb2/- bm+? b /vMKB+ `i2 /TiiBQM (a__Eye- C_yd-
Re *?Ti2` kX _2Hi2/ qQ`F
yR- GJSyN)- /vMKB+ +?MM2H HHQ+iBQM (_>yy- au*yk- 1.wyN)- /vMKB+ i`MbKBbbBQM
TQr2` (*J/a+yd- aC:+ye- aoy3- SqRj- GGER9- aEG*R9)- M/ 7`K2 M/ bvM+?`QMBbiBQM
2``Q` (Jo.Rj- .*>wRe- *.w:Rd) iQ 2biBKi2 i?2 T+F2i /2HBp2`v `iBQX Hi2`MiBp2Hv- HBMF
[mHBiv ~m+imiBQM i i?2 J* Hv2` Bb 2biBKi2/ #v 2KTHQvBM; HBMF [mHBiv 2biBKiQ`b (C_yj-
"JS*y3- L>+Ry- o+Ry) r?B+? rBHH #2 /Bb+mbb2/ BM /2iBH BM i?2 M2ti b2+iBQMX
kX9 GBMF *?`+i2`BbiBQM
a2p2`H 2KTB`B+H bim/B2b 2tBbi QM i?2 +?`+i2`BbiBQM Q7 HBMF [mHBiv ~m+imiBQM M/ QM HBMF
[mHBiv 2biBKiBQM (aSy3- >PG+yN- CGsyk- .Ca+y9)X h?2b2 bim/B2b #`Q/Hv +HbbB7v  HBMF b
UV +QMM2+i2/- r?2`2 HBMFb `2 ?B;?Hv `2HB#H2- bvKK2i`B+ M/ bi#H2- U#V i`MbBiBQMH UBMi2`K2@
/Bi2V- r?2`2 HBMFb bmz2` 7`QK 7`2[m2Mi ~m+imiBQMb BM [mHBiv M/- ?2M+2- i?2v `2 +QMbB/2`2/
b mM`2HB#H2 M/ #m`biv- M/ U+V /Bb+QMM2+i2/- r?2`2 HBMFb `2 Q7 p2`v TQQ` [mHBiv M/ +QK@
KmMB+iBQM Bb MQi TQbbB#H2X h?2 K2i`B+b i?2v mb2 7Q` +HbbB}+iBQM `2 KQM; Qi?2`b _aaA- GZA-
aL_- T+F2i `2+2TiBQM `i2 US__V- M/ +FMQrH2/;K2Mi `2+2TiBQM `i2 U__VX AM +QMM2+i2/
HBMFb- T+F2ib +M #2 i`MbKBii2/ rBi? ?B;? T`Q##BHBiv (> 90%) M/ BM /Bb+QMM2+i2/ HBMFb-
T+F2i +M #2 i`MbKBii2/ rBi? HQr T`Q##BHBiv (< 10%) (ESSRy) b22 };m`2 kXRX AM M BM@
i2`K2/Bi2 HBMF- ?Qr2p2`- T+F2if+FMQrH2/;K2Mi `2+2TiBQM `i2 Bb  `M/QK p`B#H2 M/ i?2
`2HiBQMb?BT #2ir22M T+F2i `2+2TiBQM `i2 M/ Mv Q7 i?2 HBMF [mHBiv T`K2i2`b U_aaA- GZA-
aL_V Bb M2p2` /2i2`KBMBbiB+X JQbi bim/B2b bb2`i i?i ivTB+H rB`2H2bb +?MM2Hb /2b+`B#2 i?2
BMi2`K2/Bi2 [mHBiv HBMF (hSyN- "EL+Rj)X aQK2 BKTQ`iMi K2i`B+b i?i +?`+i2`Bb2 HBMF
[mHBiv 7Q` b2MbQ` M2irQ`Fb `2,
Ç _aaA U_2+2Bp2/ aB;MH ai`2M;i? AM/B+iQ`V, JMv `/BQ i`Mb+2Bp2`b U2X; **k9ky-**k9ky
2i+XV T`QpB/2 i?2 bB;MH bi`2M;i? Q7 i?2 `2+2Bp2/ T+F2i i?`Qm;?  #mBHi@BM 3 #Bi _aaA
`2;Bbi2`X h?2 _aaA pHm2 Bb p2`;2 Qp2` M 3 bvK#QH T2`BQ/ URk3μbV M/ rBHH #2 pHB/
7i2` i?2 `2+2Bp2` ?b #22M 2M#H2/ 7Q` i H2bi 3 bvK#QH T2`BQ/b (**kyd)X
Ç GZA UGBMF ZmHBiv AM/B+iQ`V, h?2 GZA Bb MQi?2` ?`/r`2 K2i`B+ T`QpB/2/ #v `/BQ
i`Mb+2Bp2`b r?B+? K2bm`2b i?2 bi`2M;i? Q7 `2+2Bp2/ T+F2ibX h?2 GZA 2biBKi2b ?Qr
r2HH i?2 `2+2Bp2/ bB;MH +M #2 /2KQ/mHi2/ #v +H+mHiBM; i?2 2``Q` K;MBim/2 #2ir22M
i?2 B/2H +QMbi2HHiBQM Q7 P@ZSaE M/ i?2 `2+2Bp2 bB;MH Qp2` i?2 e9 bvK#QH T2`BQ/X A7
i?2 2``Q` Bb ?B;?- i?2 GZA pHm2 rBHH #2 bKHH2` M/ pB+2@p2`b (**kyN)X
kX8X "m`biv GBMFb Rd






6B;m`2 kXR, GBMF .2}MBiBQMX  HBMF Bb /2/ B7 Bi ?b  T+F2i `2+2TiBQM `iBQ US__V Q7 yWX 
HBMF Bb TQQ` B7 i?2 S__ Bb H2bb i?M RyW- BMi2`K2/Bi2 B7 i?2 S__ Bb #2ir22M RyW M/ NyW-
;QQ/ B7 i?2 S__ Bb #2ir22M NyW M/ RyyW- M/ T2`72+i B7 i?2 S__ Bb RyyW(ESSRy)
Ç aL_ UaB;MH iQ LQBb2 _iBQV, h?2 aL_ K2i`B+ Bb rB/2Hv mb2/ iQ +?`+i2`Bb2 i?2 HBMF
[mHBiv Q7 `2+2Bp2/ T+F2ibX Ai Bb /2}M2/ b i?2 /Bz2`2M+2 BM /2+B#2H #2ir22M i?2 _aaA Q7
`2+2Bp2/ T+F2ib M/ #+F;`QmM/ MQBb2X lMHBF2 i?2 _aaA- i?2 aL_ +QMiBMb BM7Q`KiBQM
T2`iBMBM; #Qi? iQ i?2 `2+2Bp2/ bB;MHǶb bi`2M;i? M/ iQ #+F;`QmM/ MQBb2X
Ç S__ US+F2i _2+2TiBQM _iBQV, h?2 S__ Bb /2}M2/ b i?2 `iBQ Q7 i?2 MmK#2` Q7 bm+@
+2bb7mHHv `2+2Bp2/ T+F2ib i i?2 `2+2Bp2` iQ i?2 iQiH MmK#2` Q7 T+F2ib i`MbKBii2/ #v
i?2 i`MbKBii2`X
Ç __ U+FMQrH2/;K2Mi _2+2TiBQM _iBQV, h?2 __ K2i`B+ Bb bBKBH` iQ i?2 S__ #mi
+H+mHi2/ QM i?2 b2M/2` bB/2 M/ /2}M2/ b i?2 `iBQ Q7 i?2 MmK#2` Q7 bm++2bb7mHHv `2+2Bp2/
+FMQrH2/;K2Mi T+F2ib iQ i?2 iQiH MmK#2` Q7 T+F2ib i`MbKBii2/X
AM M BMi2`K2/Bi2 HBMF- ?Qr2p2`- T+F2if+FMQrH2/;K2Mi `2+2TiBQM `i2 Bb  `M/QK p`B#H2
M/ i?2 `2HiBQMb?BT #2ir22M T+F2i `2+2TiBQM `i2 M/ Mv Q7 i?2 HBMF [mHBiv T`K2i2`b
U_aaA- GZA- aL_V Bb M2p2` /2i2`KBMBbiB+X
kX8 "m`biv GBMFb
GBMF #m`biBM2bb Bb  T?2MQK2MQM BM r?B+? i?2 +?MM2H bivb bi#H2R 7Q`  T2`BQ/ Q7 iBK2X i
i?2 T?vbB+H Hv2`- i?Bb T?2MQK2MQM Bb +HH2/ +?MM2H +Q?2`2M+2 iBK2 (:QHy8)X h?2 +?MM2H
RAi b?QmH/ #2 MQi2/ i?i bi#H2 /Q2b MQi BKTHv ;QQ/X Ai bBKTHv K2Mb i?i i?2 [mHBiv Q7 i?2 HBMF BM i?Bb
/m`iBQM +M #2 +QMbB/2`2/ mM+?M;BM;
R3 *?Ti2` kX _2Hi2/ qQ`F
+Q?2`2M+2 iBK2 Bb /2}M2/ b i?2 iBK2 Qp2` r?B+? i?2 +?MM2H `2bTQM/b iQ i?2 bB;MH BM i?2 bK2
rv Qp2`  T2`BQ/ Q7 iBK2X AM Qi?2` rQ`/b- +Q?2`2M+2 iBK2 Tc Bb i?2 /m`iBQM BM r?B+? irQ





r?2`2- fm Bb  KtBKmK .QTTH2` bT`2/ Q` .QTTH2` 7`2[m2M+vX
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M aL_@__ T`2/B+iBQM P|BM2 aiiB+ LQ
qJ1qJ S__ T`2/B+iBQM P|BM2 aiiB+ LQ
9" 1hs T`2/B+iBQM P|BM2fPMHBM2 aiiB+ LQ
9* S__- _aaA- aL_ M/ GZA P|BM2fPMHBM2 aiiB+ LQ
h`BM;H2 S__- aL_ M/ GZA P|BM2 aiiB+ LQ
6@GZ1 6mxxv HQ;B+ P|BM2 aiiB+ LQ
hG1Lh aiQ+?biB+ :`/B2Mi PMHBM2 aiiB+ LQ
bBi2 iQ +QKTH2i2 Q|BM2 i`BMBM; Q7 i?2 T`2/B+iBQM KQ/2HX AM  KQ`2 `2+2Mi bim/v- hQ 2i HX
(h1Rk) T`QTQb2/ i?2 hG1Lh Uh2KTQ`H /TiBp2 GBMF 1biBKiQ` rBi? MQ h`BMBM;V i?i
mb2b biQ+?biB+ ;`/B2Mi /2b+2Mi Ua:.V- M QMHBM2 H2`MBM; H;Q`Bi?K r?B+? +M i`BM  HQ;BbiB+
`2;`2bbBQM UG_V KQ/2HX "v mbBM; QMHBM2 H2`MBM;- i?2v Qp2`+QK2 i?2 /Bb/pMi;2 Q7 +QHH2+iBM;
/i 7Q` i`BMBM; i?2 KQ/2HX hG1Lh T2`7Q`Kb #2ii2` i?M biiBbiB+HHv i`BM2/ KQ/2Hb b
Bi T`2/B+ib i?2 7mim`2 HBMF [mHBiv Q7 BMi2`K2/Bi2 HBMFbX h?2 HBKBiiBQM Q7 i?Bb TT`Q+? Bb
i?i Bi T`2/B+ib i?2 7i2 QMHv Q7  bBM;H2 T+F2i M/ mb2b +QKTH2t H;Q`Bi?K HBF2 i?2 a:. 7Q`
QMHBM2 H2`MBM;X h?2b2 `2[mB`2 ?B;? +QKTmiiBQM TQr2`X h#H2 kXk bmKK`Bb2 i?2 HBMF [mHBiv
2biBKiQ`b /Bb+mbb2/ #Qp2X
kX3 TT`Q+?2b iQ .2HBM; rBi? "m`biv GBMFb
"m`biv HBMFb `2 i?Qb2 BM r?B+? T+F2ib bm++2bb2b M/ 7BHm`2b `2 ?B;?Hv +Q``2Hi2/- K2MBM;b
T+F2ib `2 2Bi?2` i`MbKBii2/ bm++2bb7mHHv Q` HQbi BM #m`biX "m`biv HBMFb brBi+? #2ir22M ;QQ/
M/ TQQ` [mHBivX h?2b2 ~m+imiBQMb BM  rB`2H2bb HBMF z2+i i?2 T`QiQ+QH T2`7Q`KM+2 +QMbB/@
2`#HvX h?2`27Q`2- KMv 2zQ`ib ?p2 #22M K/2 iQ +?`+i2`Bb2 i?2 #m`biBM2bb Q7 rB`2H2bb HBMFbX
h?2 }`bi bm+? 2zQ`i iQ KQ/2H HQbb #m`biBM2bb QM rB`2/ M2irQ`Fb Bb T`QTQb2/ #v CBM; 2iXH(Cayy)X
kX3X TT`Q+?2b iQ .2HBM; rBi? "m`biv GBMFb kj
h#H2 kXj, *QKT`BbQM "2ir22M TT`Q+?2b .2HBM; rBi? GBMF "m`biBM2bbX
TT`Q+? /pMi;2 .Bb/pMi;2
P|BM2 RX G`;2 K2KQ`v 7QQiT`BMi
kX >B;? +QKTmiiBQMH TQr2`








RX G2bb +QKTmi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/
jX aK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`;2 K2KQ`v 7QQi T`BMi
kX >B;? +QKTmiiBQMH TQr2`




 k@bii2 :BH#2`i 1HHBQi KQ/2H rBi? M BMi2`@HQbb /BbiM+2 UAG.V K2i`B+ Bb mb2/ iQ +?`+i2`Bb2
HQbb /2T2M/2M+vX h?2 KQ/2H Bb TTHB2/ iQ oQAS /i i`+2 M/ 7QmM/ ``2Hv +QMb2+miBp2 HQbb2b-
bBx2/ 8 T+F2ib Q` H2bbX 6m`i?2`KQ`2- av2/ 2i HX(>yj) T`QTQb2  N P`/2` >B//2M J`FQp JQ/2H
U>JJV iQ KQ/2H #Bi 2``Q` `i2 M/ +QMb2+miBp2 T+F2i HQbb2b 7Q`  rB`2H2bb HBMFX h?2v bm;;2bi
 ?B;?2` P`/2` J`FQp *?BM JQ/2H- r?2`2 i?2 HBMF #2?p2b KQ`2 #`mTiHv BM +QKT`BbQM iQ
7mHH@bii2 M/ ?B//2M J`FQp *?BMbX >Qr2p2`- i?2 +QKTH2tBiv Q7 i?2b2 KQ/2Hb Bb iQQ ?B;? M/
MQi bmBi#H2 7Q`  `2H@iBK2 bvbi2KX Gi2`- a`BMBpbM 2i HX(aSy3) T`QTQb2/  β K2i`B+ iQ
+QKTmi2 i?2 #m`biBM2bb Q7  HBMFX h?2 β 7+iQ` Q7  HBMF K2bm`2b i?2 Q7 TT`QtBKiBQM iQ M
B/2H HBMF #b2/ QM *S.6X GBm 2i HX (GaEayN#) T`QTQb2  irQ@bii2 >B//2M J`FQp JQ/2H iQ
K2bm`2 i?2 /m`iBQM Q7 +QMb2+miBp2 HQbb2bX "b2/ QM i?Bb BM7Q`KiBQM i?2v Tmb?@#+F i?2 /i
i`MbKBbbBQM iQ Qp2`+QK2 T2`BQ/b Q7 TQQ` +?MM2H [mHBiv M/ ?B;? BMi2`72`2M+2 r?BH2 2Mbm`BM;
i?i i?2 i?`Qm;?Tmi `2[mB`2K2Mi Q7 M TTHB+iBQM Bb K2iX
h?2 2zQ`i Q7 /2HBM; rBi? HBMF #m`biBM2bb +M #2 /BpB/2/ BMiQ i?`22 KBM +i2;Q`B2b, Q|BM2-
QMHBM2- Q` ?v#`B/ TT`Q+?2bX h#H2 kXj bmKK`Bb2b i?2 +QKT`BbQM #2ir22M i?2 p`BQmb HBMF
#m`biBM2bb TT`Q+?2bX
kX3XR P|BM2 TT`Q+?, GQM;@h2`K *?`+i2`BbiB+b
a`BMBpbM 2i HX (aSy3) T`QTQb2  β K2i`B+ iQ K2bm`2 i?2 #m`biBM2bb Q7  rB`2H2bb HBMFX
h?2 β 7+iQ` Bb  K2bm`2 Q7 ?Qr +HQb2  HBMF Bb iQ M B/2H #m`biv HBMFX Ai Bb +H+mHi2/ #v mbBM;
k9 *?Ti2` kX _2Hi2/ qQ`F
i?2 EMiQ`QpB+?@qbb2`bi2BM UEqV /BbiM+2 (C:y8)- r?B+? K2bm`2b i?2 /BbiM+2 #2ir22M 
+QM/BiBQMH T`Q##BHBiv /2HBp2`v 7mM+iBQM U*S.6V Q7  ;Bp2M HBMF M/ M B/2H HBMFX h?2 *S.6
2tT`2bb2b i?2 T`Q##BHBiv Q7 `2+2BpBM; i?2 M2ti T+F2i bm++2bb7mHHv 7i2` ǵMǶ +QMb2+miBp2 bm++2bb2b
Q` 7BHm`2bX h?2 pHm2 Q7 β /2i2`KBM2b i?2 #m`biBM2bb Q7 i?2 HBMFX  pHm2 Q7 β = 1 M/
= 0 `2T`2b2Mib  T2`72+iHv +Q``2Hi2/ HBMF M/ M mM+Q``2Hi2/ HBMF- `2bT2+iBp2HvX hQ 2tTHQ`2
i?2 T2`7Q`KM+2 Q7 i?2 β K2i`B+- i?2 mi?Q`b T`QTQb2b  i`MbKBbbBQM +QMi`QH b+?2K2 r?B+? Bb
BMi2M/2/ iQ BM+`2b2 i?2 T+F2i `2+2TiBQM `iBQ #v b2M/BM; T+F2ib BM #m`bib mMiBH i?2v 2M+QmMi2`
 7BHm`2X q?2M  7BHm`2 Bb /2i2+i2/- i`MbKBbbBQM Bb ?Hi2/ 7Q` }t2/ T2`BQ/ Q7 iBK2X h?2
HBKBiiBQM Q7 i?Bb TT`Q+? Bb i?2 H`;2 KQmMi Q7 /i `2[mB`2/ #v i?2 H;Q`Bi?K iQ T`2/B+i i?2
bm++2bb Q7 i?2 M2ti T+F2iX >Qr2p2`- Bi +MMQi /2i2`KBM2 i?2 H2M;i? Q7 `2HB#H2 M/ mM`2HB#H2
i`MbKBbbBQM T2`BQ/b- r?B+? `2 BKTQ`iMi iQ 2{+B2MiHv b+?2/mH2 T+F2i i`MbKBbbBQMbX HbQ- β
/Q2b MQi ?M/H2 b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMb ;Bp2M i?i Bi +QMbB/2`b HH ivT2b Q7 7BHm`2b
b bBKBH`X HBxB 2i HX (qE+RR) HbQ `;m2/ i?i i?Bb H;Q`Bi?K Bb MQi bmBi#H2 7Q` QMHBM2
2biBKiBQM b Bi `2[mB`2b  H`;2 KQmMi Q7 /i iQ +?B2p2  N8W +QM}/2M+2 BMi2`pHX
HBxB 2i HX(>PG+yN) T`QTQb2  b?Q`i@i2`K HBMF [mHBiv 2biBKiQ` UahG1V #b2/ QM +QM/BiBQMH
bm++2bbX  ahG1 Bb #b2/ QM i?2 ?2m`BbiB+ i?i Mv HBMF #2+QK2b `2HB#H2 7Q` T+F2i /2HBp2`v B7
i?2 Hbi i?`22 +QMb2+miBp2 T+F2ib r2`2 bm++2bb7mH QM i?i HBMF `2;`/H2bb Q7 i?2 Qp2`HH S__ Q7
i?i HBMFX h?2v HbQ }M/ i?i b?Q`i@i2`K HBMF [mHBiv ~m+imiBQM Q7i2M ?b #m`biv Mim`2 UT+F2i
HQbb2b `2 ?B;?Hv +Q``2Hi2/VX h?2 ahG1 Bb BMi2;`i2/ rBi? i?2 "m`biv _QmiBM; 1ti2MbBQM U"_1V
iQ iF2 /pMi;2 Q7 b?Q`i@i2`K `2HB#H2 HBMFb iQ `2/m+2 `QmiBM; +Qbi M/ i`MbKBbbBQM /2HvX
_mbF 2iX HX(hSyN) BMp2biB;i2 i?2 iBK2@p`vBM; +?`+i2`BbiB+b Q7 rB`2H2bb +?MM2Hb i i?2
T?vbB+H M/ HBMF Hv2`bX ++Q`/BM; iQ i?2B` Q#b2`piBQMb- S__ MHvbBb i /Bz2`2Mi iBK2 b+H2b
b?Qrb rB`2H2bb +?MM2H iQ #2 +?`+i2`Bb2/ b #m`biv `i?2` i?M +QMbiMiX h?Bb +M #2 mM@
/2`biQQ/ #v Q#b2`pBM; i?2 +?M;2 BM i?2 T+F2i `2+2TiBQM `i2 US__V Qp2` iBK2X hQ MHvb2
M/ +?`+i2`Bb2 i?2 #m`biv Mim`2 Q7 rB`2H2bb +?MM2Hb- i?2 mi?Q`b mb2b qp2H2i h`Mb7Q`K QM
`2+2Bp2/ bB;MH bi`2M;i? BM/B+iQ`b U_aaAVX qp2H2i MHvbBb /2b+`B#2b i?2 +Q?2`2Mi bi`m+im`2
BM i?2 bB;MH mM/2` Q#b2`piBQMX h?2 MHvbBb `2p2Hb i?i #m`bi iBK2 bTMb `2 T2`BQ/B+ M/
B/2MiB+H BM Mim`2X
JmMB` 2i HX (aa1+Ry) /2}M2 HBMF #m`biBM2bb b  T2`BQ/ Q7 +QMiBMmQmb T+F2i HQbb2b M/ T`QTQb2
 b+?2/mHBM; H;Q`Bi?K r?B+? T`Q/m+2b Hi2M+v #QmM/ 7Q` `2H@iBK2 T2`BQ/B+ bi`2KBM;  H`;2
KQmMi Q7 T+F2ibX h?2 mi?Q`b BMi`Q/m+2 Bmax M/ Bmin iQ +?`+i2`Bb2 i?2 KtBKmK MmK@
kX3X TT`Q+?2b iQ .2HBM; rBi? "m`biv GBMFb k8
#2` Q7 +QMb2+miBp2 T+F2ib HQbb2b M/ i?2 KBMBKmK MmK#2` Q7 +QMb2+miBp2 T+F2ib bm++2bb2b-
`2bT2+iBp2HvX hQ +H+mHi2 i?2b2 K2i`B+b- i?2v T2`7Q`K2/ M 2KTB`B+H bim/v 7Q` kR /vb M/ +QH@
H2+i2/ i`+2b Q7 T+F2i bm++2bb2b M/ 7BHm`2b 7Q` /Bz2`2Mi HBMFbX M Q|BM2 T+F2i i`MbKBbbBQM
b+?2/mH2 i?2M +QKTmi2b i?2 i`MbKBbbBQM M/ BMi2`KBbbBQM T2`BQ/b #b2/ QM Bmax M/ BminX
h?2 mi?Q`b MQi2 i?i i?2 KQbi 7`2[m2MiHv Q#b2`p2/ +QMb2+miBp2 bm++2bb Bb Bmin 4 R r?B+?
K2Mb i?2 i`MbKBbbBQM b+?2K2 b?QmH/ i`MbKBi  bBM;H2 T+F2i 7QHHQr2/ #v M BMi2`KBbbBQM
T2`BQ/ r?B+? +Q``2bTQM/b iQ BmaxX h?Bb- ?Qr2p2`- /Q2b MQi +Q``2+iHv `2~2+i i?2 +QM/BiBQM Q7
KQbi `2H HBMFb r?2`2 ;QQ/ M/ bi#H2 HBMFb +M #2 Q#b2`p2/X
q2M 2i HX(q.R8) T`QTQb2 M Q|BM2 i`MbKBbbBQM b+?2K2 i?i mb2b i?2 +QM/BiBQMH T`Q##BH@
Biv /Bbi`B#miBQM 7mM+iBQM Q7 aL_ ~m+imiBQMb iQ 2biBKi2 i?2 2tT2+i2/ `2HB#H2 M/ mM`2HB#H2
i`MbKBbbBQM T2`BQ/bX h?2B` TT`Q+? 2KTHQvb M aL_ i?`2b?QH/ #Qp2 r?B+?  HBMF Bb +QM@
bB/2`2/ iQ #2 ;QQ/ M/ bi#H2X >Qr2p2`- 2KTB`B+H bim/B2b `2p2H i?i i?2 aL_ p`B2b #2ir22M
j/" iQ kR/" BM KQbi BMi2`K2/Bi2 HBMFb BM r?B+? +b2 i?2 TT`Q+? Q7 q2M 2i HX TQi2MiBHHv
`2bmHib BM mM/2`@ M/ Qp2`2biBKi2/ #m`bi T2`BQ/bX >2`2- i?2 2tT2+i2/ #m`bi@bBx2 Bb }t2/- b
i?2 T`QTQb2/ b+?2K2 `2;`/b QMHv i?2 HQM;@i2`K HBMF [mHBiv ~m+imiBQMX >Qr2p2`- i?2 +QM/B@
iBQMH /Bbi`B#miBQM 7mM+iBQM Bb Q#iBM2/ #v 2KTB`B+HHv /2}M2 aL_ i?`2b?QH/b- r?B+? Kv MQi
#2 TTHB+#H2 7Q` /Bz2`2Mi ivT2b Q7 HBMFbX
kX3Xk PMHBM2 TT`Q+?, a?Q`i@h2`K GBMF ZmHBiv
"`QrM 2i HX(C"l+RR) BMi`Q/m+2 "`mbiS`Q#2-  K2+?MBbK iQ K2bm`2 HBMF #m`biBM2bb QMHBM2X
S`Q#BM; bHQib `2 2K#2//2/ i 2+? 2TQ+? iQ K2bm`2 i?2 HBMF #m`biBM2bb Bmax M/ b?`2
i?Bb BM7Q`KiBQM KQM; i?2 M2B;?#Qm`BM; MQ/2bX h?2 T`Q#2 K2+?MBbK Bb KQ`2 `2+iBp2 7Q`
+Tim`BM; #m`bi T2`BQ/ /m2 iQ QMHBM2 T`Q#2 b?`BM;- #mi Bi BM+`2b2b i?2 2M2`;v +QMbmKTiBQM
M/ /miv +v+H2 #v kWX "`mbiS`Q#2 +M HbQ 7BH iQ +Tim`2 T+F2i HQbb2b b i?2 HBMF Bb 2biBKi2/
7Q` i?2 }t2/ /m`iBQM BM 2+? 2TQ+?X h?2`27Q`2- B7 i?2 HBMF HQbb2b /Q MQi Q++m` BM i?2 2biBKiBQM
bHQi- Bi Bb TQbbB#H2 iQ Qp2`2biBKi2 i?2 HBMF [mHBivX
AM (oS>+Ry)- i?2 mi?Q`b mb2 i?2 aL_ pHm2b Q7 _haf*ha +QMi`QH K2bb;2b iQ H2`M #Qmi i?2
+m``2Mi bii2 Q7  HBMF M/ iQ /2+B/2 r?2i?2` /i T+F2ib b?QmH/ #2 i`MbKBii2/ Q` rBi??2H/X
h?2 /2+BbBQM Bb K/2 #v 2KTHQvBM;  J`FQp /2+BbBQM T`Q+2bb UJ.SVX h?2 T`Q#H2K rBi?
i?Bb TT`Q+? Bb Bib `2HBM+2 QM +QMi`QH K2bb;2b r?B+? +M +mb2  +QMbB/2`#H2 Qp2`?2/ BM
ke *?Ti2` kX _2Hi2/ qQ`F
rB`2H2bb b2MbQ` M2irQ`Fb- r?2`2 i?2 bBx2 Q7 i?2 /i T+F2i Bb +QKT`#H2 iQ i?2 +QMi`QH T+F2iX
AM (qZwZRj)- i?2 mi?Q`b T`QTQb2 +QQT2`iBp2 +QKKmMB+iBQM #2ir22M b2MbQ` MQ/2b iQ iF2
/pMi;2 Q7 i?2 /Bp2`bBiv ;BM BM Q`/2` iQ Qp2`+QK2 i?2 2z2+i Q7 7/BM; +?MM2HbX
H2tM/2` 2i HX("GEqy3) 2biBKi2 i?2 b?Q`i@i2`K `2HB#H2 M/ mM`2HB#H2 HBMF [mHBiv #b2/
QM Qp2`?2`BM; /i T+F2ibX h?2 mi?Q`b mb2  *S.6 7mM+iBQM iQ T`2/B+i i?2 T`Q##BHBiv i?i
i?2 M2ti T+F2i rBHH #2 bm++2bb7mHHv i`MbKBii2/X h?2v `;m2 i?i i?2 HBMF Bb +QMbB/2`2/ `2HB#H2
B7 i?2 T`2+2/BM; 7Qm` T+F2ib r2`2 bm++2bb7mHHv i`MbKBii2/X h?Bb ?2m`BbiB+ K2i?Q/ T`2/B+ib i?i
i?2 HBMF `2HB#BHBiv Bb bBKBH` iQ i?2 ahG1- 2t+2Ti- rBi? i?Bb K2i?Q/- 7Qm` +QMb2+miBp2 bm++2bb2b
`2 M22/2/ `i?2` i?M i?`22X >Qr2p2`- i?2 HBKBiiBQM Q7 i?Bb TT`Q+? Bb i?i Bi +M QMHv
T`2/B+i i?2 7i2 Q7  bBM;H2 T+F2iX /BiBQMHHv- /m2 iQ Bib Qp2`?2`BM; rQ`FBM; T`BM+BTH2- Bi
M22/b iQ F22T Bib `/BQ QM i?2 2MiB`2 iBK2- mHiBKi2Hv BM+`2bBM; i?2 TQr2` +QMbmKTiBQM Q7 i?2
b2MbQ` MQ/2X
*`Q 2i HX (.E6+Rj) T`QTQb2  K+?BM2 H2`MBM; i2+?MB[m2 iQ 2biBKi2 i?2 [mHBiv Q7 i?2
rB`2H2bb HBMFX h?2v mb2 i?2 S__ M/ i?2 72im`2 p2+iQ` b  HBMF [mHBiv K2i`B+X h?2 72im`2
p2+iQ` BM+Hm/2b HQ+H K2bm`2K2Mib Q7 i?2 i`{+- iQTQHQ;v- bB;MH bi`2M;i? M/ HQ+H M2irQ`F
+QM};m`iBQMbX h?2 H;Q`Bi?K TTHB2b bmT2`pBb2/ BM+`2K2MiH H2`MBM; 7Q` `2;`2bbBQM KTTBM;
#2ir22M i?2 HQ+H M2irQ`F +QM};m`iBQM M/ i?2 2tT2+i2/ HBMF [mHBivX h?2 KTTBM; BM7Q`K@
iBQM Bb b?`2/ #2ir22M M2B;?#Q`b iQ bT22/ mT i?2 H2`MBM; Q7 2+? BM/BpB/mH MQ/2 r?B+? Bb i?2M
mb2/ iQ T`2/B+i i?2 QMHBM2 HBMF [mHBivX
GB 2i HX (u.:+Rj) T`QTQb2  /Bb+`2i2@iBK2 J`FQp KQ/2H iQ 2biBKi2 i?2 #m`biBM2bb Q7  rB`2H2bb
HBMFX h?2 i`MbBiBQM T`Q##BHBiv Bb mb2/ iQ T`2/B+i i?2 7mim`2 Q7 i?2 M2ti T+F2iX S+F2i bm++2bb
M/ 7BHm`2 b?Qrb /Bz2`2Mi bii2b Q7 i?2 >JJ KQ/2HX h?2 KQ/2H /Q2b `2p2`b2 2M;BM22`BM; #v
iFBM; β pHm2b b M BMTmi M/ T`QpB/2b #m`biBM2bb i`{+ i`+2 b M QmiTmiX h?2 i`+2 +H`B}2b
#Qi? i?2 TQbBiBQMb M/ Tii2`M Q7 HBMF bm++2bb2b M/ 7BHm`2b r?B+? +MMQi #2 Q#iBM #v β pHm2
QMHBM2X h?2 /i i`+2 +M 7m`i?2` #2 mb2/ iQ bBKmHi2 i?2 #m`biv #2?pBQm` Q7 rB`2H2bb HBMFb
b b?QrM BM (JERd)X
HBxB 2i HX (qE+RR) +QK#BM2 irQ /Bz2`2Mi K2i`B+b iQ +?`+i2`Bb2 HBMF [mHBiv ~m+imiBQM M/
iQ /2i2`KBM2 i?2 MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM #m`biX h?2b2 `2 i?2MAC3 M/
i?2 2tT2+i2/ 7mim`2 i`MbKBbbBQM U16hVX h?2MAC3 Bb +H+mHi2/ #v iFBM; i?2 KQpBM; p2`;2
Q7 BM+QKBM; +FMQrH2/;2K2Mi T+F2ib Ui?2 rBM/Qr 7Q` i?2 KQpBM; p2`;2 rb b2i iQ RyyVX h?2
mi?Q`b 2tT2`BK2MiHHv /2i2`KBM2/ i?i i?2 T`Q##BHBiv Q7 bm++2bb7mHHv i`MbKBiiBM;  7mim`2
kX3X TT`Q+?2b iQ .2HBM; rBi? "m`biv GBMFb kd
T+F2i BM+`2b2/ iQ 3yW QM+2 i?2 Tbi i?`22 +QMb2+miBp2 T+F2ib r2`2 bm++2bb7mHHv i`MbKBii2/X
h?2 T`Q##BHBiv /Q2b MQi BM+`2b2 TT`2+B#Hv B7 i?2 MmK#2` Q7 bm++2bb7mHHv i`MbKBii2/ Tbi
T+F2ib BM+`2b2bX aQ- i?2 MAC3 +H+mHi2b i?2 T`Q##BHBiv Q7 ?Qr KMv MmK#2` Q7 T+F2ib
rBHH #2 bm++2bb7mHHv i`MbKBii2/ BM i?2 7mim`2 r?2M i?`22 +QMb2+miBp2 T+F2ib r2`2 bm++2bb7mHHv
i`MbKBii2/ BM i?2 TbiX h?2 16h p2`;2b i?2 MmK#2` Q7 T+F2ib i?i +M #2 bm++2bb7mHHv
i`MbKBii2/ BM i?2 7mim`2 ;Bp2M bm++2bb7mH i`MbKBbbBQM Q7 i?2 i?`22 T`2pBQmb +QMb2+miBp2 T+F2ibX
h?Bb Bb b2i b i?2 #m`bi bBx2X 6m`i?2`KQ`2 i?2 mi?Q`b `;m2 i?i β@7+iQ` Bb MQi bmBi#H2 7Q`
QMHBM2 2biBKiBQM /m2 iQ  HBKBi2/ ?BbiQ`v ``vX h?2 β@7+iQ` T`Q/m+2b M 2biBKiBQM 2``Q`
Q7 3jW 7Q`  ?BbiQ`v ``v Q7 Ryyy T+F2ib (qE+RR)X q?BH2 i?2 TT`Q+? Q7 HBxB 2i HX Bb
BMi2`2biBM;- Bi ?b irQ /`r#+FbX 6B`bi- i?2 KQpBM; p2`;2 Bb bHQr iQ ǳT2`+2Bp2Ǵ b?Q`i@i2`K
~m+imiBQMb M/ bHQr iQ `2+i iQ i?2K Ub r2 b?HH b?Qr i?Bb 2tT2`BK2MiHHvVX a2+QM/- r?2`2b
i?2 MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM #m`bi Bb /2i2`KBM2/- Bi Bb MQi +H2` 7Q` ?Qr
HQM;  i`MbKBiiBM; MQ/2 b?QmH/ Tmb2 #27Q`2 i?2 M2ti #m`bi i`MbKBbbBQM #2;BMbX
kX3Xj >v#`B/ TT`Q+?
a? GBm 2iXHX (GaEayN) T`QTQb2 M 2M2`;v 2{+B2Mi /i i`MbKBbbBQM H;Q`Bi?K +HH2/ Smb?@
#+F mbBM; i?2 >JJX Ai /2Hvb T+F2i i`MbKBbbBQMb BM Q`/2` iQ Qp2`+QK2 T2`BQ/b Q7 TQQ`
+?MM2H [mHBiv M/ ?B;? BMi2`72`2M+2- r?BH2 2Mbm`BM; i?i i?2 i?`Qm;?Tmi `2[mB`2K2Mi Q7 i?2
MQ/2 Bb K2iX h?2 KBM B/2 Q7 i?2 Tmb?#+F H;Q`Bi?K Bb iQ /272` T+F2i i`MbKBbbBQM 7Q`
+QKTmi2/ T2`BQ/ Q7 iBK2 mTQM T+F2i i`MbKBbbBQMbX A7  i`MbKBbbBQM Bb bm++2bb7mH- i?2 M2ti
T+F2i rBHH #2 i`MbKBii2/ BKK2/Bi2HvX A7- ?Qr2p2`- i`MbKBbbBQM 7BHb- i?2 M2ti i`MbKBbbBQM Bb
Tmb?2/ #+F #v F@bHQibX h?2 Tmb?#+F T2`BQ/ F Bb 2biBKi2/ mbBM; i?2 HQQFmT i#H2 r?B+? HBKBib
Bi iQ i?2 mb2 Q7 +2`iBM +b2b M/ +?MM2H bii2bX h?2 Qi?2` T`Q#H2K Bb i?i 7i2` i?2 /Bz2`2/
T2`BQ/ F Bb }MBb?2/- B7 i?2 M2ti i`MbKBii2/ T+F2i 7BHb /m2 iQ BM/2T2M/2Mi HQbb2b- Smb?#+F
rBHH `2bmHi BM mMM2+2bb`v /Bz2`2/ i`MbKBbbBQMbX h?2 }`bi HBKBiiBQM Q7 i?Bb TT`Q+? Bb Bib /B7@
}+mHiv BM /2HBM; rBi? BM/2T2M/2Mi HQbb2b b i`MbKBbbBQM Bb ?Hi2/ QM  bBM;H2 7BHm`2 UbBKBH`
iQ (aSy3)VX a2+QM/- i?2 b+?2K2 Bb +QKTmiiBQMHHv 2tT2MbBp2 b 2ti` iBK2 Bb `2[mB`2/ iQ
+H+mHi2 i?2 Tmb?#+F T2`BQ/ 7Q` 2+? 7BHm`2X h?B`/- i?2B` TT2` /Q2b MQi +H`B7v i?2 +?MM2H
Q#b2`p2 T2`BQ/ Q` i?2 KQmMi Q7 biiBbiB+b `2[mB`2/ 7`QK i?2 HBMF iQ +QKTmi2 i?2 T`Q##BHBiv Q7
bm++2bb Q` 7BHm`2X
a`Bpbip 2iXH (a1Ry) T`QTQb2/ M 1M2`;v PTiBKH h`MbKBbbBQM a+?2/mH2` #b2/ QM i?2 /v@
k3 *?Ti2` kX _2Hi2/ qQ`F
MKB+ T`Q;`KKBM; K2i?Q/X h?2 a+?2/mH2` mb2b +?MM2H bB/2 BM7Q`KiBQMU*aAV r?B+? +M #2
Q#iBM2/ 7`QK b2[m2M+2b Q7 *EfL*E T+F2ibX h?2 mi?Q`b KQ/2H i?2 rB`2H2bb +?MM2H b
 }MBi2@bii2 J`FQp +?MM2H U6aJ*VX h?2v MQi QMHv +QMbB/2` i?2 2biBKi2/ +?MM2H bii2b-
#mi HbQ i?2 i`MbKBbbBQM [m2m2 bii2b BM Q`/2` iQ KF2  i`MbKBbbBQM /2+BbBQMX hQ KF2 i?2
H;Q`Bi?K TTHB+#H2 iQ ?`/r`2 HBKBi2/ BM `2bQm`+2b- i?2v T`QTQb2/ iQ T`2@+H+mHi2 i?2 i`Mb@
KBbbBQM +QMi`QH `mH2b M/ im`M i?2K BMiQ  HQQFmT i#H2 biQ`2/ BM i?2 b2MbQ` K2KQ`v- BMbi2/
Q7 +H+mHiBM; /m`BM; `mMiBK2X h?2 /`r#+F Q7 HQQFmT i#H2 Bb Bi BM+`2b2b i?2 K2KQ`v miB@
HBxiBQMX 1p2M rQ`b2- r?2M i?2 MmK#2` Q7 6aJ* bii2b BM+`2b2- i?2 K2KQ`v mb2 rBHH BM+`2b2
2tTQM2MiBHHvX
kXN .Bb+mbbBQM M/ *QKT`BbQM
h#H2 kX9 +QKT`2b i?2 i?`22 KQbi BKTQ`iMi 72im`2b Q7 #m`biv HBMF 2biBKiQ`bX .Bb+mbb2/
BM i?Bb b2+iBQM `2 i?2 K2`Bib M/ /2K2`Bib Q7 i?2 #m`biv HBMF 2biBKiQ` BM /2iBHX h?2 β@
7+iQ` 2biBKi2b i?2 #m`biBM2bb Q7  rB`2H2bb HBMF M/ +QKT`2b Bi iQ i?2 B/2H #m`biv HBMFX M
B/2H #m`biv HBMF Bb QM2 BM r?B+? HH i?2 i`MbKBii2/ T+F2ib `2 2Bi?2` bm++2bb7mHHv `2+2Bp2/ Q`
HQbiX h?Bb /2}M2b i?2 Mim`2 Q7 HBMFc ?2M+2 T+F2i i`MbKBbbBQM +M #2 2KTHQv2/ ++Q`/BM;HvX
A7 i?2 HBMF Bb ?B;?Hv #m`biv i?2M mTQM HQbBM;  bBM;H2 T+F2i- T+F2i i`MbKBbbBQM b?QmH/ #2
?Hi2/- b i?2`2 Bb  ?B;? T`Q##BHBiv Q7 HQbBM; i?2 BKK2/Bi2 i`MbKBii2/ T+F2i ;BMX h?2
Qi?2` /Bb/pMi;2 Bb i?2 `2[mB`2K2Mi Q7  H`;2 KQmMi Q7 2KTB`B+H /i iQ +H+mHi2 i?2 HBMF
#m`biBM2bb r?B+? `2[mB`2b H`;2 K2KQ`v M/  ?B;? +QKTmiiBQMH TQr2`X h?2 pHm2 Q7 β Bb
}t2/ - M/ Bi M22/b iQ #2 `2+H+mHi2/ B7 i?2 2MpB`QMK2MiH M/ +?MM2H T`K2i2`b +?M;2X
h?2 ahG1 2biBKi2b i?2 b?Q`i bi#H2 T2`BQ/ #v Qp2`?2`BM; i?2 M2B;?#Qm`BM; MQ/2bX h?2
mi?Q`b `;m2 i?i B7 i?2 Hbi i?`22 T+F2ib `2 bm++2bb7mHHv `2+2Bp2/ i?2`2 Bb  ?B;? T`Q##BHBiv
Q7 `2+2BpBM; i?2 M2ti T+F2i bm++2bb7mHHvX h?2`27Q`2- QM `2+2BpBM; i?`22 T+F2ib +QMb2+miBp2Hv-
i?2 HBMF Bb /2+H`2/ `2HB#H2 7Q` i?2 +QKKmMB+iBQMX h?Bb bbmKTiBQM +MMQi ?QH/ i`m2 7Q` HH
ivT2b Q7 HBMFb- 2bT2+BHHv 7Q` BMi2`K2/Bi2 [mHBiv HBMFb b i?2 HBMF [mHBiv p`B2b Qp2`  b?Q`i
T2`BQ/ Q7 iBK2X 6m`i?2`KQ`2- ahG1 +MMQi 2biBKi2 ?Qr KMv T+F2ib b?QmH/ #2 i`MbKBii2/
+QMb2+miBp2Hv Q` BM Qi?2` rQ`/b- Bi +MMQi 2biBKi2 i?2 /m`iBQM Q7 `2HB#BHBivX h?2 "G1 HbQ
?b ?B;? 2M2`;v +Qbi b Bi rQ`Fb QM T+F2i Qp2`?2`BM;X
qp2H2i MHvbBb Bb mb2/ iQ }M/ b2H7@bBKBH` M/ +Q?2`2Mi bi`m+im`2b QM /Bz2`2Mi iBK2@b+H2bX
kXNX .Bb+mbbBQM M/ *QKT`BbQM kN
qp2H2i i`Mb7Q`K ?b #22M TTHB2/ iQ _aaA i`+2b Q7 b2p2`H A111 3ykXR8X9 rB`2H2bb HQr@TQr2`
HBMFb mb2/ iQ K2bm`2 HBMF #m`biBM2bbX h?2 mi?Q`b Q#b2`p2  ?B;? T+F2i HQbb +Q``2HiBQM QM
#Qi? T?vbB+H M/ HBMF Hv2`bX 6m`i?2`KQ`2- i?2 +Q``2HiBQM ?b MQM@i`BpBH +?`+i2`BbiB+b Q7 
b2H7@bBKBH` Mim`2X h?2 p`BM+2 BM _aaA Bb mb2/ iQ +?`+i2`Bb2 i?2 iBK2@b+HBM; Q7 rB`2H2bb
HBMFbX h?2 KQbi BKTQ`iMi }M/BM; Q7 i?Bb bim/v Bb i?i i?2 `/BQ bB;MH TQr2` iBK2 b2`B2b Q7
KMv rB`2H2bb HBMFb Bb +QMbBbi2Mi rBi? biiBbiB+H b2H7@bBKBH`BivX h?2B` bim/v M/ }M/BM;b `2
bBKBH` iQ i?2 β@7+iQ` (aSy3) b i?2 mi?Q`b Q7 rp2H2i MHvbBb bm;;2bi2/ i?i ?HiBM; T+F2i
i`MbKBbbBQM 7Q` e9yKb QM  T+F2i HQbi rBHH BM+`2b2 i?2 HBMF `2HB#BHBivX h?2B` b+?2K2 M2Bi?2`
K2bm`2b i?2 bBx2 Q7  #m`bi MQ` /2Hb rBi? b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMb b i`MbKBbbBQM
Bb ?Hi2/ QM HQQbBM;  bBM;H2 T+F2iX 6m`i?2`KQ`2- i?2 b+?2K2 mb2b QMHv _aaA pHm2 iQ K2bm`2
HBMF #m`biBM2bbX h?Bb Bb MQi 2MQm;? iQ /2b+`B#2 i?2 HBMF +Q``2+iHv b T+F2i HQbb +M Q++m` 2p2M
r?2M _aaA pHm2 `2 ?B;? /m2 iQ TbbBM; Q#bi+H2b Q` Mv b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMX
Gi2M+v "QmM/ T`QTQb2b  b+?2/mHBM; H;Q`Bi?K iQ T`QpB/2 `2HB#H2 +QKKmMB+iBQM 7Q` rB`2H2bb
b2MbQ` M2irQ`FbX Gi2M+v "QmM/ 2biBKi2b HBMF #m`biBM2bb #v /2}MBM;  M2r K2i`B+ +HH2/
Bmax 7Q` i?2 BM/mbi`BH miQKiBQM T`Q+2bbX Bmax +?`+i2`Bb2b HBMF #m`biBM2bb #v K2bm`BM;
i?2 KtBKmK MmK#2` Q7 +QMb2+miBp2 T+F2i HQbb2b Qp2`  T2`BQ/ Q7 iBK2X Bmax ++QmMib 7Q`
#Qi? BMi2`72`2M+2 M/ HBMF #m`biBM2bb M/ Bb mb2/ iQ `2b2`p2  T+F2i `2i`MbKBbbBQM bHQi 7Q`
2+? T+F2i Qp2` i?2 `Qmi2 #2ir22M i?2 b2M/2` M/ i?2 `2+2Bp2` b  rv Q7 KM;BM; HBMF
#m`biBM2bb M/ ;m`Mi22BM; bm++2bb7mH T+F2i /2HBp2`vX >Qr2p2`- i?2 T`Q##BHBiv Q7  T+F2i
HQbb 7i2` i`MbKBbbBQM mbBM; HH i?2 HHQ+i2/ iBK2 bHQib Bb biBHH ?B;? #2+mb2 i?2 pHm2 Q7 Bmax
Bb +H+mHi2/ Q|BM2 M/ Kv +?M;2 BM `2H iBK2 /m`BM; i?2 M2irQ`F QT2`iBQMX 6m`i?2`KQ`2-
i?2 bHQi b+?2/mHBM; H;Q`Bi?K #2+QK2b +QKTH2t M/ +QMbmK2b KQ`2 M2irQ`F `2bQm`+2b b i?2
MmK#2` Q7 i`MbKBii2`b BM+`2b2b BM i?2 M2irQ`FX
".h 2KTHQvb  }MBi2 J`FQp +?MM2H KQ/2H UJ.SV iQ KQ/2H HBMF #m`biBM2bb M/ *?MM2H
r`2 "+F@Pz BM +QMDmM+iBQM rBi? i?2 J`FQp +?BM iQ ;Bp2 T`BQ`Biv iQ i?Qb2 i`MbKBii2`b
rBi? #2ii2` +?MM2H +QM/BiBQMbX ".h /2+B/2 r?2i?2` iQ i`MbKBi i?2 HQbi T+F2i BKK2/Bi2Hv Q`
MQi M/ i?2 /2+BbBQM Bb #b2/ QM i?2 +QM/BiBQM Q7 i?2 +?MM2HX A7 i?2 +m``2Mi +?MM2H +QM/BiBQM
Bb #Qp2 i?2 bT2+B}+ i?`2b?QH/- i?2 T+F2i rBHH #2 i`MbKBii2/ BKK2/Bi2HvX h?2 J.S Bb mb2/
iQ Q#iBM i?2 QTiBKH i?`2b?QH/ 7Q` bm++2bb7mH T+F2i i`MbKBbbBQMX _haf*ha Bb mb2/ #27Q`2
i`MbKBiiBM; 2+? T+F2iX _haf*ha +QMi`QH T+F2ib UBM //BiBQM iQ /i T+F2ibV K2bm`2
HBMF [mHBivX h?Bb BM/m+2b  H`;2 Qp2`?2/- 2bT2+BHHv BM b2MbQ` M2irQ`Fb r?2`2 i?2 bBx2 Q7
jy *?Ti2` kX _2Hi2/ qQ`F
i?2 /i T+F2ib Bb +QKT`#H2 iQ i?2 bBx2 Q7 i?2 +QMi`QH T+F2ibX ".h 2KTHQvb  J`FQp
+?BM r?B+? +QMbmK2b ?B;? 2M2`;v ;Bp2M i?i +H+mHiBM; i`MbBiBQM T`Q##BHBiB2b BM `2H@iBK2 Bb
+QKTmiiBQMHHv +QKTH2tX h?2B` H;Q`Bi?K /Q2b MQi 2biBKi2 i?2 bBx2 Q7 i?2 #m`biX
"m`bi S`Q#2 `2bQHp2/ i?2 T`Q#H2K Q7 Gi2M+v "QmM/ (aa1+Ry) #v 2K#2//BM; i?2 pHm2 Q7 Bmax
BM i?2 i`MbKBbbBQM b+?2/mH2 r?B+? Bb mb2/ #v M2B;?#Qm`BM; MQ/2b iQ bb2bb HBMF #m`biBM2bb
BM `2H iBK2X h?2 T`Q#2 bHQib `2 HHQ+i2/ i i?2 2M/ Q7 2+? T2`BQ/ U2TQ+?V rBi?BM i?2
i`MbKBbbBQM b+?2/mH2X h?2v `2 b?`2/ KQM; i?2 M2B;?#Qm`BM; MQ/2b r?B+? BM im`M BM+`2b2b
i?2 i`MbKBbbBQM Hi2M+v M/ 2M/@iQ@2M/ /2HvX h?2 #m`bi T`Q#2 Bb QMHv #H2 iQ +Tim`2 i?2
HBMF #m`biBM2bb B7 +QMb2+miBp2 T+F2i HQbb2b `2 2p2MHv /Bbi`B#mi2/ ;Bp2M i?i HBMF #m`biBM2bb Bb
+H+mHi2/ i i?2 2M/ Q7 2+? T2`BQ/ Qp2`  }t2/ T2`BQ/ Q7 iBK2X h?2 mi?Q`b bbmK2 i?i
HBMF #m`biBM2bb Bb 2p2MHv /Bbi`B#mi2/ r?B+? Bb MQi i?2 +b2 BM `2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`BQbX
h?2 2{+B2M+v Q7 #m`bi i`MbKBbbBQM T`QiQ+QHb ?B;?Hv /2T2M/ QM i?2 [mHBiv Q7 i?2 rB`2H2bb
HBMFX h?2 7Qm` KBM 7+iQ`b r?B+? H2/b iQ HBMF mM`2HB#BHBiv `2 UBV 2MpB`QMK2Mi 7+iQ`b r?B+?
BM+Hm/2 Ti?@HQbb- KmHiB@Ti?- M/ b?/QrBM; +mbBM; i?2 /2;`/iBQM BM i?2 bB;MH [mHBiv M/
BM+`2bBM; i?2 #+F;`QmM/ MQBb2-UBBV ?`/r`2 i`Mb+2Bp2`b- HQr@TQr2` `/BQ +?BTb rBi? HQr@;BM
Mi2MMb Kv /BbiQ`i i?2 bB;MH /m2 iQ i?2B` BMi2`MH MQBb2 M/ ;2M2`i2 B``2;mH` `/BiBQM
Tii2`Mb-UBBBV BMi2`72`2M+2- +mb2/ #v +QM+m``2Mi i`MbKBbbBQMb Q7 A111 3ykXR8X9 i`Mb+2Bp2`b
M/ +Q?#BiBM; _6 i2+?MQHQ;B2b rQ`FBM; BM i?2 bK2 kX9 :?x 7`2[m2M+v #M/ M/ UBpV KQ#BHBiv-
r?B+? H2/b iQ i?2 +?M;2 BM HBMF [mHBiv b i?2 /B`2+iBQM Q7 Mi2MM- HBM2@Q7@bB;?i- M/ /BbiM+2
Q7 i?2 KQ#BH2 MQ/2 Kv +?M;2 Qp2` T2`BQ/ Q7 iBK2X
AM Q`/2` iQ BMp2biB;i2 HBMF [mHBiv ~m+imiBQM Tii2`Mb M/ iQ B/2MiB7v i?2 TT`QT`Bi2 K2i`B+b
i?i +M /2b+`B#2 i?2 [mHBiv Q7 i?2 HBMF- JQ#BH# rb /2THQv2/ BM UBV /Bz2`2Mi 2MpB`QMK2Mib
UBM/QQ`- Qmi/QQ`V- UBBV mM/2` /Bz2`2Mi BMi2`72`2M+2b UBMi2`MH- 2ti2`MHV UBBBV M/ mM/2` KQ#BH@
BivX JQ#BH# +QMiBMb KQ#BH2 `Q#Qib- h2HQb" M/ AJQi2k b2MbQ` MQ/2b b b?QrM BM 6B;m`2 jXRX
h?2 i2bi#2/ Bb 7mHHv BKTH2K2Mi2/ 7Q` i?2 hBMv@Pa- h2HQb" M/ AKQi2k THi7Q`KX 6m`i?2`KQ`2-
.B//v#Q`; `Q#Qib `2 mb2/ 7Q` 2KmHiBM; /Bz2`2Mi ivT2b Q7 KQp2K2Mi Tii2`Mb U_M/QK M/
ai`B;?i@HBM2 rHFVX 1ti2MbBp2 2tT2`BK2Mib MQi QMHv vB2H/b M mM/2`biM/BM; Q7 i?2 rvb /Bz2`@
2Mi 7+iQ`b z2+i [mHBiv- #mi HbQ i?2v ?2HT /2bB;M 2{+B2Mi T?vbB+H- J* M/ `QmiBM; Hv2`
T`QiQ+QHbX h?2b2 Q#b2`piBQMb Hv i?2 7QmM/iBQM 7Q` /2bB;M Q7 i?2 HBMF [mHBiv 2biBKiBQM KQ/2H
7Q` #m`bi i`MbKBbbBQM T`2b2Mi2/ BM i?Bb i?2bBbX _aaA- GZA- aL_- +QMb2+miBp2 bm++2bb U*aV- +QM@
b2+miBp2 7BHm`2 U*6V M/ __ `2 bQK2 Q7 i?2 #bB+ K2i`B+b mb2/ BM i?Bb /Bbb2`iiBQM iQ bim/v
i?2 i2KTQ`H +?`+i2`BbiB+b Q7 HQr@TQr2` qaLbX
jXkX 1MpB`QMK2Mi jd
UV _Q#Qi *``vBM; a2MbQ` LQ/2 U#V h2HQb" U+V AJQi2k
6B;m`2 jXR, >`/r`2 SHi7Q`K
h#H2 jXR, amKK`v Q7 i?2 1tT2`BK2Mi a2i lT 7Q` *?`+i2`BbBM; i?2 6Hm+imiBQM Q7 GBMF
ZmHBivX
GQ+iBQM BM/QQ`- Qmi/QQ`b
am++2bbBp2Hv i`MbKBii2/ T+F2ib Ryyyyy- Ryy-yyy
Pp2`HH i`MbKBii2/ T+F2ib kyy-yyy
AMi2`@T+F2i i`MbKBbbBQM BMi2`pH ky Kb
h`MbKBbbBQM TQr2` @k8-@R8-@Ry-@d-@8 /"K
aT22/ RXy@kX8 Kfb
S+F2i bBx2 k3 "vi2
jXk 1MpB`QMK2Mi
hQ bim/v HBMF [mHBiv p`BM+2 BM /Bz2`2Mi 2MpB`QMK2Mib- /Bz2`2Mi 2tT2`BK2Mib r2`2 /2bB;M2/
M/ +QM/m+i2/ BM #Qi? BM/QQ` M/ Qmi/QQ` 2MpB`QMK2Mib r?2`2 T+F2ib r2`2 i`MbKBii2/ +QM@
iBMmQmbHvX .m`BM; i?2b2 2tT2`BK2Mib /Bz2`2Mi /BbiM+2b #2ir22M  i`MbKBii2` M/  `2+2Bp2`
b r2HH b /Bz2`2Mi i`MbKBbbBQM TQr2` H2p2Hb r2`2 +QMbB/2`2/X h#H2X dXR bmKK`Bb2b bQK2
Q7 i?2 T`K2i2`b i?i `2 BM+Hm/2/ BM i?2 2tT2`BK2Mi b2i mTX HiQ;2i?2` KQ`2 i?M 3yy-yyy
T+F2ib r2`2 i`MbKBii2/X 6Q` KM;2K2Mi `2bQMb-  ky Kb BMi2`@T+F2i BMi2`pH UASAV 7i2`
2+? T+F2i rb BMb2`i2/ /m`BM; i?2 i`MbKBbbBQM Q7 3yy-yyy T+F2ibX 1+? 2tT2`BK2Mi rb
T2`7Q`K2/ Ry iBK2b iQ `2KQp2 `/BQ B``2;mH`BivX
6Q` @d-@8- M/ y /"K i`MbKBbbBQM TQr2`- i?2 /BbiM+2 rb p`B2/ #2ir22M i?2 i`MbKBii2` M/
i?2 `2+2Bp2` BM k K BMi2`pHb 7`QK R K iQ j8 K- mMiBH i?2 HBMF rb iQiHHv /Bb+QMM2+i2/X 6Q` 
@k8-@R8 M/ @Ry /"K i`MbKBbbBQM TQr2`- i?2 b2T`iBQM /BbiM+2 7`QK 8 iQ Rd K BM BMi2`pHb Q7
k M/ 8 K rb mb2/X LQM2 Q7 i?2 HQbi T+F2i r2`2 `2i`MbKBii2/X  T+F2i i`MbKBbbBQM rb
+QMbB/2`2/ bm++2bb7mH r?2M i?2 i`MbKBii2` `2+2Bp2/ M *E T+F2iX Pi?2`rBb2 Bi rb K`F2/ b
7BH2/X 6`QK i?2 bm++2bb7mHHv `2+2Bp2/ *E T+F2ib- i?2 +FMQrH2/;K2Mi `2+2TiBQM `iBQ U__V
(ESSRy) rb 2biBKi2/X h?2 __ +?`+i2`Bb2b i?2 [mHBiv Q7  HBMF M/ bB;MH@iQ@MQBb2
j3 *?Ti2` jX "+F;`QmM/








































































































6B;m`2 jXk, M AHHmbi`iBQM Q7 i?2 h?`22 GBMF hvT2bX AM i?2 ;QQ/ HBMF ARR ≈ 1 HH i?2 iBK2X
h?2 BMi2`K2/Bi2 HBMF Bb +?`+i2`Bb2/ b 0.1 ≤ __ ≤ 0.9X AM i?2 #/ HBMF- __ < 0.1X
__ = 1 K2MBM; HH T+F2ib r2`2 `2+2Bp2/ bm++2bb7mHHv r?2`2b ARR ≈ 0 K2Mb M2`Hv HH
T+F2ib r2`2 HQbi(q.R8)X
`iBQ UaL_V +?`+i2`Bb2b i?2 [mHBiv Q7 `2+2Bp2/ T+F2ibX >2M+2 i?`Qm;? i?2b2 2tT2`BK2Mib-
 `2HiBQMb?BT #2ir22M __ M/ aL_ rb 2pHmi2/X lMHBF2 i?2 _aaA- i?2 aL_ +QMiBMb
BM7Q`KiBQM T2`iBMBM; #Qi? i?2 `2+2Bp2/ bB;MHǶb bi`2M;i? M/ i?2 #+F;`QmM/ MQBb2X
_2;`/H2bb Q7 i?2 2MpB`QMK2Mi- i?2 HQ+iBQM Q7 i?2 MQ/2b M/ i?2 /BbiM+2 b2T`iBM; i?2K-
T+F2ib r2`2 Hrvb `2+2Bp2/ UARR ≈ 1V r?2M i?2 aL_ rb ;`2i2` i?M kR /"KX h?Bb HBMF
Bb +?`+i2`Bb2 b  ;QQ/ HBMF- +QMbBbi2Mi rBi? T`2pBQmb Q#b2`piBQMb K/2 #v Qi?2` `2b2`+?2`bX
>Qr2p2`- r?2M i?2 aL_ rb H2bb i?M k /"K- i?2 __ rb H2bb i?M yXRX am+? T`K2i2`b
/2b+`B#2  #/ HBMF r?2`2 NyW Q7 i?2 T+F2ib r2`2 HQbiX h?2 `2;BQM #2ir22M i?2 ;QQ/ M/ i?2
#/ HBMFb /2b+`B#2b M BMi2`K2/Bi2 `2;BQM BM r?B+? __ p`B2b mMB7Q`KHv #2ir22M yXR M/ yXNX
h?2 HBMFb BM i?Bb `2;BQM `2 #m`biv BM Mim`2X 6B;m`2X jXk /BbTHvb i?2 i?`22 `2;BQMb B/2MiB}2/
iQ /2b+`B#2  #/- M BMi2`K2/Bi2- M/  ;QQ/ [mHBiv HBMFX h?2 r?Bi2 bT+2b BM i?2 ;`T?













UV AM/QQ` U#V Pmi/QQ`
6B;m`2 jXj, 1tT2`BK2Mib S2`7Q`K2/ BM .Bz2`2Mi 1MpB`QMK2Mib
jXkXR AM/QQ`
h?2 BM/QQ` 2tT2`BK2Mib `2 +QM/m+i2/ BM i?`22 /Bz2`2Mi HQ+iBQMb, +Q``B/Q`- HQ##v- M/ +72i2`B
b b?QrM BM };m`2X jXj UVX AM i?2 +Q``B/Q` 2tT2`BK2Mi- i?2`2 `2 MQ Q#bi+H2b #2ir22M i?2
b2M/2` M/ i?2 `2+2Bp2`X AM HQ##v 2tT2`BK2Mib i?2 b2M/2` M/ i?2 `2+2Bp2` ?p2 72r2` biiB+
Q#bi`m+iBQMbX AM i?2 +72i2`B- i?2 2tT2`BK2Mi rb T2`7Q`K2/ /m`BM;  #mbv ?Qm` r?2`2 KQ`2
i?M Ryy T2QTH2 r2`2 T`2b2Mi M/ +i2/ b  KQpBM; Q#bi`m+iBQM #2ir22M i?2 b2M/2` M/ i?2
`2+2Bp2`X h?2 T+F2ib `2 i`MbKBii2/ BM bm++2bbBQM #2ir22M i?2 i`MbKBii2` M/ i?2 `2+2Bp2` BM
Q`/2` iQ 2biBKi2 HBMF [mHBivX h?2 HBMF [mHBiv rb K2bm`2/ i i?2 b2M/2`@bB/2 #v `2i`B2pBM;
/i 7`QK i?2 +FMQrH2/;K2Mi T+F2iX
_aaA- GZA M/ __ K2i`B+b `2 mb2/ iQ /2b+`B#2 i?2 ~m+imiBQM BM HBMF [mHBiv b b?QrM BM
};m`2X jX9X h?2 rBM/Qr bBx2 Bb b2i iQ #2 Ry T+F2ib iQ +H+mHi2 i?2 __X 6Q` i?2 +Q``B/Q`
M/ HQ##v b+2M`BQb- b b?QrM BM };m`2X jX9 UV M/ U#V- HBMF [mHBiv Bb #`2Hv 2z2+i2/ M/
Q#b2`piBQMb bm;;2bi 72r2` T+F2i HQbb2b Qp2` i?2 T2`BQ/ Q7 iBK2X h?2 `2bQM 7Q` i?Bb Bb i?2
mMQ#bi`m+i2/ HBM2@Q7@bB;?i +QKKmMB+iBQM M/ 72r2` iQ MQ Q#bi+H2b #2ir22M i?2 i`MbKBii2` M/
i?2 `2+2Bp2`X PM i?2 Qi?2` ?M/- BM +b2 Q7 +72i2`B /2THQvK2Mi- i?2 HBMF [mHBiv /2i2`BQ`i2b
+QMbB/2`#Hv M/ b2p2`2 T+F2i@HQbb2b `2 Q#b2`p2/ b b?QrM BM };m`2X jX9 U+VX h?2 KBM `2bQM
7Q` i?Bb Bb i?2 #HQ+FBM; Q7 i?2 Ti? #2ir22M i?2 b2M/2` M/ i?2 `2+2Bp2` #v ?mKM KQp2K2MibX
>mKM #Q/v +ib b M Q#bi`m+iBQM iQ i?2 2H2+i`QK;M2iB+ bB;MH M/ /2;`/2b i?2 bB;MH [mHBiv
`2bmHiBM; BM TQQ` HBMF [mHBivX  ?B;? i`MbKBbbBQM `M;2 rb Q#b2`p2/ BM BM/QQ` 2MpB`QMK2Mib
+QKT`2/ iQ Qmi/QQ` 2MpB`QMK2Mib 7Q` i?2 bK2 i`MbKBbbBQM TQr2`X 6Q` i?2 i`MbKBii2/ TQr2`





















































































6B;m`2 jX9, GBMF ZmHBiv J2i`B+b .2b+`B#BM; i?2 6Hm+imiBQM Q7 GBMFb "2ir22M hrQ aiiB+ LQ/2b
BM AM/QQ` 1MpB`QMK2Mib, UV *Q``B/Q` U#V GQ##v U+V *72i2`B
`M;BM; #2ir22M @k8 iQ @R8 /"K- i?2 T+F2ib r2`2 i`MbKBii2/ bm++2bb7mHHv #2ir22M R9 iQ kd
K2i2`b `2bT2+iBp2HvX
h?2 Qmi/QQ` 2tT2`BK2Mib `2 T2`7Q`K2/ BM irQ /Bz2`2Mi HQ+iBQMb, i?2 ;`/2M M/ i?2 +`
T`FBM;@HQi- b b?QrM BM };m`2X jXj U#VX hQ KF2 i?2 +QKT`BbQM 7B` #2ir22M BM/QQ` M/ Qmi@
/QQ` 2tT2`BK2Mib i`MbKBbbBQM T`K2i2`b `2KBM i?2 bK2- /2TB+i2/ BM i#H2X dXRX 6B;m`2X jX8
b?Qrb i?2 i2KTQ`H p`BiBQM BM HBMF [mHBiv mbBM; K2i`B+b __- _aaA M/ GZA BM Qmi/QQ`
2MpB`QMK2MibX h?2 HBMF [mHBiv /2iQ`Bi2b iQ  ;`2i2` /2;`22 BM i?2 T`FBM;@HQi M/ ?b  ?B;?
T+F2i HQbb M/  H`;2 i`MbBiBQMH `2;BQM b +QKT`2/ rBi? i?2 ;`/2M /2THQvK2MiX h?Bb Bb
DmbiB}2/ #v i?2 7+i i?i T`F2/ +`b Q#bi`m+i i?2 bB;MHb M/ +mb2 i?2 KmHiB@Ti?b r?B+? BM
im`M `2bmHib BM bB;MH [mHBiv /BbiQ`iBQMX 6m`i?2`KQ`2- i?2 HQr@TQr2` rB`2H2bb HBMFb Qmi/QQ`b
+M #2 z2+i2/ #v i2KT2`im`2- rBM/- ;`bb@}2H/b- i`22b- ?BHHb 2i+X
>2M+2 Bi +M #2 +QM+Hm/2/ i?i  +?M;2 BM i?2 2MpB`QMK2Mi +mb2b i?2 7`2[m2M+v Q7 HBMF
~m+imiBQMb iQ p`v, BM Qmi/QQ` 2MpB`QMK2Mi- H`;2 ~m+imiBQMb r2`2 Q#b2`p2/ BM bB;MH [mHBiv-
r?BH2 M BM/QQ` 2MpB`QMK2Mi #`Qm;?i bKHH@iQ@KQ/2`i2 ~m+imiBQMbX 6Q`  i`MbKBbbBQM TQr2`
`M;2 #2ir22M @k8 iQ @R8 /"K- i?2 bm++2bb7mH T+F2i i`MbKBbbBQM `M;2 Bb BM #2ir22M Ry iQ kj
jXjX AMi2`72`2M+2 9R




















































6B;m`2 jX8, GBMF ZmHBiv J2i`B+b .2b+`B#BM; i?2 6Hm+imiBQM Q7 GBMFb "2ir22M hrQ aiiB+ LQ/2b
BM Pmi/QQ` 1MpB`QMK2Mib, UV :`/2M U#V *` S`FBM; GQi
K2i2`b- `2bT2+iBp2HvX
jXj AMi2`72`2M+2
AMi2`72`2M+2 Bb  T?2MQK2MQM BM rB`2H2bb +QKKmMB+iBQM r?B+? Q++m`b /m2 iQ i?2 _6 bT2+@
i`mK b?`BM; #2ir22M i`MbKBiiBM; MQ/2b BM M mM+QQ`/BMi2/ rvX AMi2`72`2M+2 ?B;?Hv z2+ib
+QKKmMB+iBQM pBH#BHBiv M/ `2HB#BHBivX h?2 T`Q#H2K Q7 BMi2`72`2M+2 Bb #2+QKBM; +`m+BH
7Q` HQr@TQr2` qaLb /m2 iQ i?2 `TB/ 2K2`;2M+2 Q7 ?2i2`Q;2M2Qmb rB`2H2bb i2+?MQHQ;B2b Qp2`
+`Qr/BM; i?2 kX9 :>x AaJ #M/X AM Q`/2` iQ bim/v i?2 BKTHB+iBQMb Q7 BMi2`MH M/ 2ti2`MH
BMi2`72`2`b QM  HQr@TQr2` A111 3ykXR8X9 rB`2H2bb M2irQ`F 2ti2MbBp2 2tT2`BK2Mib ?p2 #22M
+QM/m+i2/X
jXjXR AMi2`MH AMi2`72`2M+2
AM Q`/2` iQ +?`+i2`Bb2 i?2 2z2+ib Q7 +QM+m``2Mi i`MbKBii2`b QM i?2 A111 3ykXR8X9 rB`2H2bb
M2irQ`F- i2bi#2/ 2tT2`BK2Mib rBi? bBKTH2 M2irQ`F b2imT r2`2 +QM/m+i2/- b b?QrM BM };m`2X jXeX
h?2 M2irQ`F +QMbBbib Q7 irQ TB`b Q7 i`MbKBii2`b M/ `2+2Bp2`b BM r?B+? QM2 TB` +ib b M
BMi2`72`2`X hQ p`v i?2 H2p2H Q7 BMi2`72`2M+2 /Bz2`2Mi H2p2Hb Q7 i`MbKBbbBQM TQr2` r2`2 b2iX
 i2bi#2/ b2imT rb mb2/ BM irQ +QKKmMB+iBQM b+2M`BQb, UV **@2M#H2/, i?2 **k9ky







6B;m`2 jXe, h2bi#2/ a2imT iQ J2bm`2 AMi2`72`2M+2
`/BQ 2KTHQvb  +QMi2MiBQM@#b2/ J* T`QiQ+QH- #b2/ QM i?2 *aJf* i2+?MB[m2 iQ b?`2
i?2 K2/BmKX q?2M  MQ/2 ?b  T+F2i iQ i`Mb72`- Bi T2`7Q`Kb  +H2` +?MM2H bb2bbK2Mi
U**VX A7 i?2 +?MM2H Bb 7`22 i?2 MQ/2 i`MbKBib i?2 T+F2i BKK2/Bi2Hv- Qi?2`rBb2 Bi /272`b i?2
i`MbKBbbBQM 7Q`  `M/QK T2`BQ/ Q7 iBK2X U#V **@/Bb#H2/, AM i?Bb +b2 i?2 ** Bb /Bb#H2/
Q` im`M@Qzc i?2`27Q`2- i?2 `/BQ i`Mb+2Bp2` /Q2b MQi T2`7Q`K  +H2` +?MM2H bb2bbK2Mi #27Q`2
i`MbKBiiBM; 2+? T+F2iX
6B;m`2X jXd bmKK`Bb2b i?2 T2`+2Mi;2 Q7 T+F2i HQbb 7Q` #Qi? b+2M`BQbX AM i?2 +b2 Q7 **@
2M#H2/ i?2 T+F2i HQbb /m2 iQ T+F2i +QHHBbBQM- T+F2i HQbb Bb #2HQr eW 7Q` /Bz2`2Mi H2p2Hb Q7
BMi2`72`2M+2X h?2 T+F2i HQbb Bb ?`/Hv 2z2+i2/ #v i?2 H2p2H Q7 BMi2`72`2M+2 /m2 iQ i?2 +QHHBbBQM
pQB/M+2 K2+?MBbKX
h?2 i?`Qm;?Tmi BM #mHF /i i`Mb72` +M #2 BM+`2b2/ #v /BbT2MbBM; rBi? #Qi? ** M/
`M/QK #+F@Qz #27Q`2 i`MbKBiiBM; 2+? T+F2iX >Qr2p2`- /Bb#HBM; ** +M #2 7iH iQ
i?2 `/BQ HBMF [mHBiv M/ T+F2i bm++2bb `i2 BM i?2 T`2b2M+2 Q7 MQi?2` M2`#v i`MbKBii2`X
6B;m`2X jXdU#V b?Qrb i?2 T2`+2Mi;2 Q7 T+F2i HQbb BM **@/Bb#H2/ b+2M`BQbX h?2 T+F2i@HQbb
Bb #2ir22M Uey@38WV QM /Bz2`2Mi HBMFb /m2 iQ ?B;? +QHHBbBQM `i2bX h?2 H2p2H Q7 BMi2`72`2M+2 M/
/BbiM+2 #2ir22M i?2 i`MbKBii2`b Bb /B`2+iHv T`QTQ`iBQMH iQ i?2 T2`+2Mi;2 Q7 T+F2i HQbb QM

































































6B;m`2 jXd, S2`+2Mi;2 Q7 +FMQrH2/;K2Mi GQbb 7Q` **@2M#H2/ M/ **@/Bb#H2/ h`{+
hvT2bX
jXjXk 1ti2`MH AMi2`72`2M+2
hQ bim/v i?2 BKT+i Q7 *`Qbb h2+?MQHQ;v AMi2`72`2M+2 U*hAV QM #m`bi i`MbKBbbBQM- irQ BMi2`@
72`2`b- i?2 JB+`Qrp2 Pp2M M/ i?2 qB6B UA1113ykXRRV- `2 +QMbB/2`2/X h?2b2 i2+?MQHQ;B2b
/Bz2` BM i2`Kb Q7 i`MbKBbbBQM i2+?MB[m2- TQr2` +QMbmKTiBQM- M/ /i `i2bX >Qr2p2`- i?2v
b?`2 i?2 bK2 AaJ #M/ b BHHmbi`i2/ BM };m`2X jX3(>aR9)
M 2tT2`BK2Mi mbBM; aB2K2Mb >6RkJk9y-  `2bB/2MiBH KB+`Qrp2 Qp2M UJPV- rb T2`7Q`K2/
BM r?B+?  +mT Q7 ri2` rb ?2i2/ iQ 2KmHi2 i?2 ivTB+H 2H2+i`QK;M2iB+ `/BiBQMX h?Bb
`/BiBQM z2+ib i?2 +QKKmMB+iBQM Q7 M2`#v b2MbQ` MQ/2b r?B+? Bb BM ++Q`/M+2 rBi? 2`HB2`
}M/BM;b (h*+RR- >aR9)X 6B;m`2X jXNUV b?Qrb i?2 ~m+imiBQM BM HBMF [mHBiv K2i`B+b Q7
i`MbKBiiBM; MQ/2b BM i?2 T`2b2M+2 Q7 KB+`Qrp2 `/BiBQMX  bKHH MmK#2` Q7 +QMb2+miBp2
HQbb2bU3@Ry T+F2iV r2`2 Q#b2`p2/X P++bBQMHHv i?2 MmK#2` #2+K2 H`;2`X HbQ i?2 T+F2i
HQbb rb 7QmM/ iQ #2 T2`BQ/B+X h?Bb Bb DmbiB}2/ b i?2 KB+`Qrp2 Qp2M ;2M2`i2b  T2`BQ/B+
BMi2`72`2M+2 Q7 b?Q`i2` /m`iBQM U 8KbVX .Bz2`2Mi i`MbKBbbBQM TQr2`b #2ir22M i?2 b2M/2`
M/ i?2 `2+2Bp2` `2 mb2/- 7Q` i?2 bK2 /BbiM+2 #2ir22M KB+`Qrp2 M/ i?2 i`Mb+2Bp2`bX
P#b2`piBQMb `2p2H2/  +QMbB/2`#H2 `2/m+iBQM BM T+F2i HQbb i ?B;?2` TQr2` H2p2Hb- mTiQ jyW
`2/m+iBQM BM T+F2i HQbbX
A111 3ykXRR Bb i?2 KQbi T`2/QKBMMi rB`2H2bb i2+?MQHQ;v BM BM/QQ` 2MpB`QMK2MibX hQ ;2M2`i2
BMi2`72`2M+2- i?2 hS@GBMF hG@q_39RL `Qmi2` U++2bb TQBMiV M/  bK`iT?QM2 U+HB2MiV i?i
99 *?Ti2` jX "+F;`QmM/
6B;m`2 jX3, A111 3ykXR8X9 *?MM2Hb rBi? _6 AMi2`72`2`b BM i?2 kX9 :>x AaJ "M/ (>aR9)
bmTTQ`ib A111 3ykXRR #f;fM BM i?2 kX9:>x AaJ #M/ rb mb2/X AM Kv 2tT2`BK2Mib i?2 +HB2Mi
i`Mb72`b i?2 }H2 i?`Qm;? M ++2bb TQBMi iQ i?2 `2KQi2 HQ+iBQMX h?2 `Qmi2` Bb +QM};m`2/ iQ
mb2 +?MM2H RR M/ h2HQb" b2MbQ` MQ/2b mb2b +?MM2H k9 r?B+? Qp2`HTb rBi? qB6B +?MM2H RRX
6B;m`2X jXNU#V b?Qrb i?2 T+F2i HQbb BM i?2 T`2b2M+2 Q7 i?2 qB6B BMi2`72`2`X h?2 T+F2i HQbb
Bb #2ir22M 9y@d8 WX h?Bb +M #2 ii`B#mi2/ iQ i?2 ?B;?2bi i`MbKBiiBM; TQr2` mb2/ #v i?2
qB6B r?B+? T`Q/m+2/ B``2;mH` BMi2`72`2M+2 Tii2`Mb- `2bmHiBM; BM bB;MB}+Mi +QMb2+miBp2 T+F2i
HQbb2bX >2M+2- r?2M mbBM; qB6B- BM+`2bBM; i`MbKBbbBQM TQr2` rBHH MQi BKT`Qp2 i?2 T+F2i
bm++2bb `i2X
jX9 JQ#BHBiv
AM JqaLb- i?2 HBMF [mHBiv ~m+imi2b KQ`2 `TB/Hv b +QKT`2/ rBi? biiB+ /2THQvK2Mi /m2
iQ  +?M;2 BM 2MpB`QMK2Mi- Ti? HQbb- 7/BM;- /QTTH2` 2z2+i- M/ b?/QrBM;X hQ Q#b2`p2 i?2
2z2+ib Q7 KQ#BHBiv- /m`BM; Kv 2tT2`BK2Mib-  ?mKM ?QH/b  b2M/2` MQ/2 M/ T2`7Q`Kb /Bz2`2Mi
rHF KQ/2Hb BM  T`2/2}M2/ `2 b b?QrM BM };m`2X jXRyX h?2 b2M/2` MQ/2 i`MbKBib T+F2ib BM
#m`bi iQ i?2 `2+2Bp2` r?BH2 KQpBM; i  +QMbiMi bT22/X Ai biQ`2b i?2 /i Q7 i?2 +FMQrH2/;K2Mi
T+F2ibX hQ 2tTHQ`2 i?2 BKT+i Q7 b2MbQ` MQ/2 KQp2K2Mi QM HBMF [mHBiv- i?2 2tT2`BK2Mi rb
T2`7Q`K2/ #v rHFBM; i bHQr- K2/BmK M/ 7bi bT22/bX
6B;m`2bX jXRR UV M/ U#V b?Qr i?2 HBMF [mHBiv ~m+imiBQMb BM  KQ#BH2 b+2M`BQX Ai Bb 2pB/2Mi
7`QK i?2 HBMF [mHBiv K2i`B+b- __- _aaA- M/ GZA- i?i BM  KQ#BH2 b+2M`BQ- i?2 T2`+2Mi;2
jX9X JQ#BHBiv 98



















































6B;m`2 jXN, GBMF ZmHBiv J2i`B+b .2b+`B#BM; i?2 6Hm+imiBQM Q7 GBMFb "2ir22M hrQ aiiB+ LQ/2
BM i?2 S`2b2M+2 Q7 1ti2`MH AMi2`72`2`b UV JB+`Qrp2 U#V qB6B
40 m
10 m
 Random walk experiments 
illustration
 Straight line walk experiments 
illustration
6B;m`2 jXRy, JQ#BHBiv Sii2`M Q7  JQ#BH2 LQ/2
Q7 BMi2`K2/Bi2 HBMFb Bb ?B;?2` i?M i?2 biiB+ b+2M`BQ b i`MbKBbbBQM bm++2bb `i2 ~m+imi2b
bi`QM;Hv Qp2`  b?Q`i T2`BQ/ Q7 iBK2X Ai Bb HbQ 2pB/2Mi i?i i?2 bT22/ Q7 i?2 KQp2K2Mi Q7 i?2
KQ#BH2 MQ/2 HbQ /Bbim`#b i?2 HBMF [mHBivX i ?B;?2` bT22/b- i?2 T+F2i HQbb BM+`2b2b X h?Bb
H2/b iQ i?2 +QM+HmbBQM i?i BM Q`/2` iQ KQ/2H HBMF [mHBiv 2biBKiBQM BM  KQ#BH2 b+2M`BQ- M
2biBKiQ` M22/b iQ /2H rBi? b?Q`i@i2`K HBMF [mHBiv ~m+imiBQM BM `2H iBK2X
9e *?Ti2` jX "+F;`QmM/

























































6B;m`2 jXRR, GBMF ZmHBiv J2i`B+b .2b+`B#2 i?2 6Hm+imiBQM Q7 GBMFb "2ir22M  aiiB+ LQ/2
M/  JQ#BH2 LQ/2 UV JQpBM; BM  _M/QK qHF M/ U#V JQpBM; BM  ai`B;?i GBM2
jX8 amKK`v
h?2 #bB+ K2i?Q/QHQ;v mb2/ iQ mM/2`biM/ i?2 #2?pBQm` Q7 Mv T`Q+2bb BM ;2M2`H- M/ i?2
T2`7Q`KM+2 Q7  rB`2H2bb +?MM2H BM T`iB+mH`- Bb `mMMBM; 2tT2`BK2Mib BM  `2H@rQ`H/ i2bi#2/X
_2b2`+?2`b QTi 7Q` i2bi#2/ 2tT2`BK2Mib iQ bim/v i?2 #2?pBQm` Q7 rB`2H2bb HBMFb M/ pHB/@
iBQM Q7 i?2B` T`QiQ+QHbX hQ mM/2`biM/ M/ 2pHmi2 i?2 T2`7Q`KM+2 Q7 rB`2H2bb HBMF- 2ti2MbBp2
2tT2`BK2Mib `2 +QM/m+i2/ #v mbBM; JQ#BH#X h?2 KBM ;QH Q7 i?Bb 2KTB`B+H bim/v Bb iQ b+`m@
iBMBb2 i?2 2z2+ib QM i?2 [mHBiv Q7 rB`2H2bb HBMF #v bm+? 7+iQ`b b i?2 2MpB`QMK2Mi- BMi2`72`2M+2-
M/ KQ#BHBivX h?2 bim/v 7m`i?2` BKb iQ 2bi#HBb?  +Q``2HiBQM #2ir22M T+F2i bm++2bb M/
7BHm`2X h?2 }M/BM;b Q7 i?2 bim/v `2 bmKK`Bb2/ #2HQr,
1MpB`QMK2Mi
P#b2`piBQM R, h?2 HBMF [mHBiv ?B;?Hv /2T2M/b QM i?2 /2THQvK2Mi 2MpB`QMK2MiX GBMFb BM
BM/QQ` 2MpB`QMK2Mib T2`7Q`K #2ii2` i?M HBMFb BM Qmi/QQ` 2MpB`QMK2MibX h?2 T+F2i HQbb `i2
rb ?B;?2` 7Q` i?2 bK2 HBMF UbK2 i`MbKBbbBQM T`K2i2`b M/ /BbiM+2 #2ir22M i?2 b2M/2`
M/ i?2 `2+2Bp2`V Qmi/QQ`b b +QKT`2/ rBi? BM/QQ`bX
P#b2`piBQM k, GBMF [mHBiv ?b bQK2 /2;`22 Q7 +Q``2HiBQM rBi? /BbiM+2 M/ i`MbKBbbBQM
TQr2`- #mi Bi Bb MQi  HBM2` `2HiBQMb?BTX  /2+`2b2 BM i?2 __ Bb Q#b2`p2/ b i?2 /BbiM+2
#2ir22M i`Mb+2Bp2`b BM+`2b2b- `2;`/H2bb Q7 i?2 H2p2H Q7 i`MbKBbbBQM TQr2`X >Qr2p2`- BM i?2
jX8X amKK`v 9d
i`MbBiBQMH `2;BQM i?2b2 irQ T`K2i2`b ?/ MQ +Q``2HiBQM #2ir22M i?2K b `2TQ`i2/ #v 2`@
HB2` bim/B2b (LG+Rk)X 6`QK i?2 `2bmHib Q7 i?2 2tT2`BK2Mi- r2 +M /2/m+2 i?i i /Bz2`2Mi
i`MbKBii2` TQr2` H2p2Hb- @k8- @R8 M/ @Ry /"K- i?2 +QMM2+i2/ `2;BQMb r2`2 Q#b2`p2/ iQ #2 i
N- Rd- M/ 9y K `2bT2+iBp2Hv- BM M BM/QQ` 2MpB`QMK2Mi M/ d- Rj- M/ jy K `2bT2+iBp2Hv- BM
M Qmi/QQ` 2MpB`QMK2MiX >2M+2- i?Bb 2tT2`BK2Mib T`Qp2b i?i i?2 [mHBiv Q7 i?2 `/BQ bB;MH
/2;`/2b b i?2 /BbiM+2 #2ir22M i?2 b2M/2` M/ i?2 `2+2Bp2` BM+`2b2bX
P#b2`piBQM j, h?2 T2`+2Mi;2 Q7 BMi2`K2/Bi2 [mHBiv HBMFb Bb ?B;?2` BM M Qmi/QQ` 2MpB`QM@
K2Mi b +QKT`2/ iQ M BM/QQ` 2MpB`QMK2MiX Ai rb Q#b2`p2/ i?i i?2 [mHBiv Q7 i?2 bB;MH
/2i2`BQ`i2b 7bi2` BM Qmi/QQ`b +QKT`2/ rBi? BM/QQ`b b i`MbKBbbBQM `M;2 7Q` @k8 /"K Bb Re
K BM/QQ`b M/ Rj K M Qmi/QQ`bX
P#b2`piBQM 9, MQi?2` Q#b2`piBQM b?Qrb i?i i?2 ?mKM #Q/v +M Q#bi`m+i i?2 +QKKmMB+@
iBQM Ti? M/ /2;`/2 i?2 HBMF [mHBiv +QMbB/2`#HvX HbQ Q7 MQi2 Bb ?Qr i?2 +?M;2 BM Mi2MM
/B`2+iBQM +M z2+i i?2 HBMF [mHBivX
AMi2`72`2M+2
P#b2`piBQM R, GBMF [mHBiv Bb ?B;?Hv z2+i2/ #v i?2 T`2b2M+2 Q7 BMi2`MH M/ 2ti2`MH BMi2`72`@
2`bX h?2 BMi2`MH BMi2`72`2M+2 +M #2 KBiB;i2/ iQ  +2`iBM H2p2H #v 2M#HBM;  +H2` +?MM2H
bb2bbK2Mi M/  `M/QK #+F@QzX AM +b2 Bi Bb **@2M#H2/- i?2 T+F2i HQbb Bb #Qmi R@eWc
BM #b2M+2 Q7 i?2 **- i?2 T+F2i HQbb BM+`2b2b mTiQ 38WX
P#b2`piBQM k, *`Qbb i2+?MQHQ;v BMi2`72`2M+2 bm+? b KB+`Qrp2 M/ qB6B BMi2`72`2M+2 z2+ib
i?2 bB;MH [mHBiv +QMbB/2`#HvX JB+`Qrp2 Qp2Mb ;2M2`i2 T2`BQ/B+ BMi2`72`2M+2 Q7 bKHH2` T2`B@
Q/b r?B+? Bb 2pB/2Mi 7`QK i?2 bKHH bBx2 Q7 i?2 +QMb2+miBp2 T+F2i HQbb2b U3@Ry T+F2ibV K2bm`2/
/m`BM; 2tT2`BK2MibX "m`bi i`MbKBbbBQM b+?2K2b +M iF2 /pMi;2 Q7 i?Bb T2`BQ/B+Biv iQ KQ/2H
HBMF [mHBiv ~m+imiBQM #v mbBM; HQM;@i2`K +?`+i2`BbiB+b Q7 i?2 HBMFX
P#b2`piBQM j, qB6B QM i?2 Qi?2` ?M/ Bb ;;`2bbBp2 BMi2`72`2` r?B+? mb2  i`MbKBbbBQM TQr2`
Ryy iBK2b ?B;?2` i?M i?i Q7 i?2 A111 3ykXR8X9- `2bmHiBM; BM ?B;? T+F2i HQbb2bX h?2 T+F2i
HQbb `2+? mTiQ 3yW rBi? B``2;mH` Tii2`Mb- mMHBF2 rBi? i?2 KB+`Qrp2X >2M+2- b?Q`i@i2`K
~m+imiBQM +M #2 KQ/2HH2/ #v QMHBM2 HBMF [mHBiv 2biBKiQ`b 7Q` 2{+B2Mi #m`bi i`MbKBbbBQM
b+?2K2bX
JQ#BHBiv
93 *?Ti2` jX "+F;`QmM/
P#b2`piBQM R, h?2 KQ#BHBiv Q7 i?2 b2MbQ` MQ/2 BMi`Q/m+2b ?B;? /Bbim`#M+2b BM HBMF [mHBiv
M/ z2+ib i?2 T2`7Q`KM+2 Q7 #mHFf#m`bi i`MbKBbbBQM T`QiQ+QHbX
P#b2`piBQM k, 1+? KQ#BHBiv Tii2`M ?b /Bz2`2Mi /2;`22 Q7 2z2+ib QM i?2 [mHBiv Q7 rB`2H2bb
HBMFbX h?2 2tT2`BK2Mi mbBM; i?2 bi`B;?i@HBM2 rHF KQ/2H `2p2H2/ HQM;@iQ@KB//H2 i2`K HBMF
[mHBiv ~m+imiBQMb- r?2`2b `M/QK rHF KQ/2Hb ?p2 b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMbX
P#b2`piBQM jX b i?2 KQ#BH2 b2M/2` KQp2b rv 7`QK i?2 `2+2Bp2` i?2 HBMF [mHBiv /2i2`BQ`i2b
Qp2`  T2`BQ/ Q7 iBK2X M Q#b2`piBQM rb K/2 i?i i?2 __ T`K2i2` bi`ib iQ /`QT #2HQr
dyW b i?2 KQ#BH2 MQ/2 KQp2b jK rv 7`QK i?2 `2+2Bp2` i i`MbKBiiBM; TQr2` Q7 @k8/"KX
P#b2`piBQM 9X JQ#BHBiv BM+`2b2b i?2 bBx2 Q7 i?2 i`MbBiBQMH `2;BQM BM rB`2H2bb b2MbQ` M2irQ`FbX
6m`i?2`KQ`2- i?2 bT22/ Q7 i?2 KQ#BH2 MQ/2 HbQ z2+ib i?2 bBx2 Q7 i?2 i`MbBiBQMH `2;BQMX
*?Ti2` 9
M P|BM2 GBMF ZmHBiv 1biBKiBQM
JQ/2H 7Q` qaL
9XR JQiBpiBQM
GBMF [mHBiv ~m+imiBQM z2+ib i?2 T2`7Q`KM+2 Q7 TTHB+iBQMb BM rB`2H2bb b2MbQ` M2irQ`FbX AM
bQK2 TTHB+iBQMb- rB`2H2bb b2MbQ` M2irQ`Fb `2 /2THQv2/ QM i?2 Q#D2+ib Q` 2K#2//2/ BMiQ i?2
T`Q+2bb2b i?2v KQMBiQ`- r?B+? +QMbB/2`#Hv BM~m2M+2b i?2 [mHBiv Q7 +QKKmMB+iBQM #2ir22M
MQ/2b (q*Ry)X 6Q` 2tKTH2- BM bi`m+im`H ?2Hi? KQMBiQ`BM; Bi Bb i?2 Qb+BHHiBQM Q7  #`B/;2- BM
ri2` [mHBiv KQMBiQ`BM;- i?2 ri2` M/ i?2 KQp2K2Mi Q7 ri2`- BM ?2Hi?+`2 TTHB+iBQMb Bi
Bb i?2 KQp2K2Mi Q7 T2QTH2- M/ BM T`2+BbBQM ;`B+mHim`2 Bi Bb i?2 KQp2K2Mi M/ i?2 b?/Qr Q7
THMib i?i z2+i i?2 [mHBiv Q7 M 2bi#HBb?2/ HBMFX 6Hm+imiBQM Q7 HBMF [mHBiv BM im`M ?b 
M2;iBp2 BKT+i QM bm++2bb Q7 T+F2i /2HBp2`v 7Q` TTHB+iBQMb r?B+? `2[mB`2 ?B;? i?`Qm;?Tmi
M/ 7Q` KQbi MQ`KH `2Hv MQ/2b r?B+? b?QmH/ ;;`2;i2 M/ 7Q`r`/ T+F2ib iQr`/b  #b2
biiBQMX 6m`i?2`KQ`2- i?2 `2T2i2/ `2i`MbKBbbBQM Q7 HQbi T+F2ib BM+`2b2b MQi QMHv Hi2M+v i
HH H2p2Hb Q7 +QKKmMB+iBQM #mi HbQ 2M2`;v +QMbmKTiBQM- r?B+? Kv `2/m+2 i?2 HB72iBK2 Q7 i?2
2MiB`2 M2irQ`FX
aBM+2 /i +QKKmMB+iBQM +QMbmK2 KQbi Q7 i?2 2M2`;v- ?pBM; 2{+B2Mi i`MbKBbbBQM #v iFBM;
+?MM2H +QM/BiBQMb BMiQ ++QmMi Bb +`BiB+H iQ T`QHQM; i?2 HB72iBK2 Q7 rB`2H2bb b2MbQ` M2irQ`FbX
a2p2`H 7+iQ`b z2+i i?2 HBMF [mHBivX h?2b2 BM+Hm/2 7/BM;- b?/QrBM;- KmHiBTi? M/ iBK2@
p`vBM; KmHiB@mb2` BMi2`72`2M+2X h?2 A111 3ykR8X9 i`Mb+2Bp2` +QMiBM `/BQ +?BTb- bm+? b
9N
8y *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL
**Ryyy- **k9ky- M/ **k8yyX h?2v T`QpB/2  bmKK`v Q7 HBMF [mHBiv K2i`B+b U_aaA- LQBb2
M/ GZAV #v 2pHmiBM; BM+QKBM; T+F2ibX h?Bb BM7Q`KiBQM Bb i?2M 7Q`r`/2/ iQ i?2 ?B;?2`@
Hv2` T`QiQ+QHb bm+? b i?2 J* Hv2` M/ i?2 `QmiBM; Hv2`X h?Bb FMQrH2/;2 +M #2 mb27mH BM
b2p2`H rvbX 6Q` 2tKTH2-
Ç J* Hv2` T`QiQ+QHb +M QTiBKBb2 i?2B` /miv +v+H2 iQ bp2 2M2`;v +QMbmKTiBQMX
Ç GBMF [mHBiv 2biBKiQ`b mb2 i?Bb BM7Q`KiBQM iQ +H+mHi2 i?2 MmK#2` Q7 T+F2ib M2+2bb`v
iQ `2i`MbKBi M/ /2+B/2 r?2i?2` `2i`MbKBbbBQM rBHH #2 7`mBi7mHX
Ç J* Hv2` T`QiQ+QHb /2+B/2 iQ i`MbKBi T+F2ib BM #m`bi Q` T+F2i@#v@T+F2iX
Ç _QmiBM; T`QiQ+QHb b2H2+i i?2 #2bi TQbbB#H2 `Qmi2 iQ i?2 /2biBMiBQM M/ +?QQb2 i?2 M2B;?@
#Qm`b iQ 7Q`r`/ i?2 M2ti T+F2i X
Ç 6Q` #m`bi +QKKmMB+iBQM- i?2 FMQrH2/;2 Q7 HBMF [mHBiv ?2HTb iQ /2i2`KBM2 i?2 QTiBKH
#m`bi bBx2X
GBMF [mHBiv BM rB`2H2bb b2MbQ` M2irQ`Fb +MMQi #2 FMQrM BM  /2i2`KBMBbiB+ b2Mb2 ;Bp2M i?i i?2
~m+imiBQM Q7 HBMF [mHBiv p`B2b Qp2`  T2`BQ/ Q7 iBK2 M/ ?b  `M/QKM2bb r?B+? b?QmH/ #2
KQ/2HH2/ b  `M/QK T`Q+2bbX hQ KQ/2H  `M/QK T`Q+2bb biiBbiB+b T2`iBMBM; iQ HBMF [mHBiv
K2i`B+b +M #2 Q#iBM /B`2+iHv 7`QK i?2 `2+2Bp2/ /i T+F2ibX 6Q` bQK2 TTHB+iBQMb bm+? b
bi`m+im`H ?2Hi? KQMBiQ`BM;- ;`B+mHim`2 KQMBiQ`BM;- `BHrv M/ pQH+MQ KQMBiQ`BM;- rB`2H2bb
b2MbQ` M2irQ`Fb `2 /2THQv2/ 7Q`  HQM; T2`BQ/ Q7 iBK2X >2M+2- bm{+B2Mi biiBbiB+b Q7 HBMF
[mHBiv K2i`B+b +M #2 +QHH2+i2/ 7`QK i?2 +FMQrH2/;2K2Mi T+F2ibX 6BM/BM; i?2 T2`BQ/B+Biv BM
T+F2i bm++2bb2b M/ 7BHm`2b #v mbBM; i?2 +QHH2+i2/ biiBbiB+b rBHH 2M#H2 TTHB+iBQMb iQ /2+B/2
7Q` ?Qr HQM; i?2v rBHH i`MbKBi T+F2ib +QMb2+miBp2Hv M/ 7Q` ?Qr HQM; i?2v rBHH `27`BM 7`QK
i`MbKBiiBM;X >Qr2p2`- Bi /Q2b MQi TQbbB#H2 iQ /2}M2 i?2 T2`BQ/B+Biv BM HBMF [mHBiv BM bi`B+i
b2Mb2 #2+mb2 i?2 7+iQ`b QM r?B+? HBMF [mHBiv /2T2M/b `2 p2`v /Bp2`b2 M/ mM+QMi`QHH#H2X
AMbi2/- T2`BQ/B+Biv +M #2 /2}M2/ BM K2M b[m`2 b2Mb2 (q.R8),
h?2 K2M b[m`2 T2`BQ/B+Biv 7Q`  `M/QK T`Q+2bb- HUiV - +M #2 /2}M2/ b (Slyk),
E
{
(H(t+ T )− H(t))2} = 0 U9XRV
9XkX GBMF ZmHBiv J2i`B+b 8R
r?2`2 T Bb i?2 T2`BQ/X h?2 miQ@+Q``2HiBQM Q7 bm+?  T`Q+2bb Kmbi #2 /Qm#Hv T2`BQ/B+,
R (t1 +mT, t2 + nT ) = R (t1, t2) U9XkV
r?2`2 t1 M/ t2 `2 irQ `#Bi``v iBK2 BMbiM+2b M/ m M/ n `2 irQ `#Bi``v BMi2;2`bX Ai
b?QmH/ #2 MQi2/ i?i T2`BQ/B+Biv BM i?2 K2M b[m`2 b2Mb2 /Q2b MQi `2[mB`2 i?2 T`Q+2bb iQ #2
bi`B+iHv T2`BQ/B+ rBi? T2`BQ/ T M/  T`Q##BHBiv Q7 RX
hQ /2i2`KBM2 #Qi? i?2 miQ@+Q``2HiBQM 7mM+iBQM _ M/ i?2 iBK2 T2`BQ/ h iQ;2i?2` Bb  /B{+mHi
T`Q+2bbX >Qr2p2`- B7 i?2 T`Q+2bb HUiV +M #2 +QMbB/2`2/ biiBQM`v BM  rB/2@b2Mb2- i?2M Bi Bb
TQbbB#H2 iQ Q#iBM i?2 /Bbi`B#miBQM Q` /2MbBiv 7mM+iBQM #v Q#b2`pBM; HBMF [mHBiv biiBbiB+b Qp2` 
+2`iBM T2`BQ/ Q7 iBK2X 6`QK i?2 /Bbi`B#miBQM 7mM+iBQM Bi Bb TQbbB#H2 iQ /2i2`KBM2 hX h?Bb +?Ti2`
rBHH /Bb+mbb M/ T`QTQb2 irQ HB;?ir2B;?i TT`Q+?2b iQ /2i2`KBM2 i?2 T2`BQ/B+Biv BM HBMF [mHBiv
~m+imiBQM M/ +QKTmi2 i?2 MmK#2` Q7 T+F2ib M2+2bb`v iQ i`MbKBi BM #m`bi b r2HH b MmK#2`
Q7 T+F2ib iQ ?Hi b iQ pQB/  #/ HBMF [mHBiv T2`BQ/X h?2 }`bi Bb *S" KQ/2H (q.R8) r?B+?
mb2b +QM/BiBQMH /Bbi`B#miBQM 7mM+iBQMb Q7 +QMb2+miBp2 bm++2bb M/ 7BHm`2 +QM/BiBQM2/ QM i?2
aL_ i?`2b?QH/X h?2 b2+QM/ Bb i?2 .J" KQ/2H (wC.qR8) r?B+? mb2b F@K2M +Hmbi2`BM; M/
 /Qm#H2 /Bb+`2i2 J`FQp KQ/2H iQ /2i2`KBM2 i?2 +Q``2+i #m`bi bBx2 (wC.qR8#)X
1biBKiBM; HBMF [mHBiv ~m+imiBQM M/ HBMF #m`biBM2bb #v /272``BM; T+F2i i`MbKBbbBQM ?b
#22M T`QTQb2/ BM i?2 TbiX AM +QMi`bi- iQ i?2 #2bi Q7 Qm` FMQrH2/;2 r2 `2 i?2 }`bi iQ
KQ/2H i?2 T2`BQ/B+Biv Q7 T+F2i bm++2bb2b M/ 7BHm`2b M/ mb2 i?Bb FMQrH2/;2 iQ +QKTmi2 i?2
QTiBKH #m`bi bBx2X h?Bb TT`Q+? iF2b /pMi;2 Q7 +?MM2H T2`BQ/B+Biv iQ b+?2/mH2 T+F2i
i`MbKBbbBQM BM ;QQ/ +?MM2H +QM/BiBQMb M/ `27`BM 7`QK i`MbKBiiBM; T+F2ib /m`BM; TQQ`
+?MM2H +QM/BiBQMbX
9Xk GBMF ZmHBiv J2i`B+b
JQbi 2tBbiBM;- Qz@i?2@b?2H7 i`Mb+2Bp2`b T`QpB/2 i?2 #bB+ HBMF [mHBiv K2i`B+b BM+Hm/BM; _aaA-
GZA- M/ #+F;`QmM/ MQBb2 H2p2HX lM7Q`imMi2Hv- Bi Bb MQi TQbbB#H2 iQ 2bi#HBb? /2i2`KBMBbiB+
`2HiBQMb?BTb #2ir22M i?2b2 K2i`B+b M/ bm++2bb7mH T+F2i /2HBp2`vX S+F2ib +M #2 bm++2bb7mHHv
i`MbKBii2/ rBi?  +2`iBM T`Q##BHBiv 2p2M r?2M i?2 K2i`B+b BM/B+i2 i?i i?2 HBMF Bb #/X AM
8k *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL
h#H2 9XR,  bmKK`v Q7 S?vbB+H S`K2i2`b lb2/ iQ 1bi#HBb? i?2 GBMFbX
HBMFR HBMFk HBMFj HBMF9 HBMF8
/BbiM+2 UKV 3 RN j8 kd kj
TQr2` U/"KV @j @j @R8 @R8 @R8
HQ+iBQM AM/QQ` AM/QQ` Pmi/QQ` Pmi/QQ` Pmi/QQ`
ASA UKbV ky ky ky ky ky
7+i- T+F2ib +M #2 HQbi 2p2M B7 i?2 K2i`B+b BM/B+i2 i?i i?2 HBMF Bb ;QQ/X a`BMBpbM 2i HX
(ESSRy) BMi`Q/m+2  K2i`B+ +HH2/ i?2 +FMQrH2/;2K2Mi `2+2TiBQM `iBQ U__V iQ bmKK`Bb2
i?2 `2HiBQMb?BT #2ir22M bm++2bb7mH T+F2i /2HBp2`v M/ i?2 bB;MH@iQ@MQBb2 `iBQ UaL_VX q2
b2H2+i2/ i?2 __ iQ +?`+i2`Bb2 i?2 HBMF [mHBiv M/ i?2 aL_ iQ +?`i2`Bb2 i?2 [mHBiv Q7
i?2 BM/BpB/mH T+F2iX lMHBF2 i?2 _aaA- i?2 aL_ +QMiBMb BM7Q`KiBQM `2H2pMi iQ i?2 bB;MH
bi`2M;i? Q7 i?2 `2+2Bp2/ T+F2i M/ i?2 #+F;`QmM/ MQBb2X h?2 __ K2i`B+ Bb +QKTmi2/ b
7QHHQrb, }`bi-  b2[m2M+2 Q7 T+F2ib `2 /BpB/2/ BMiQ  b2i Q7 bm#@b2[m2M+2X 1+? bm#@b2[m2M+2
Bb i`MbKBii2/ BM bm++2bbBQM M/ 2+? T+F2i BM  bm#@b2[m2M+2 Bb +FMQrH2/;2/ r?2M Bi Bb
bm++2bb7mHHv `2+2Bp2/X h?2M 7Q` i?i bm#@b2[m2M+2- i?2 __ Bb i?2 `iBQ Q7 i?2 MmK#2` Q7
bm++2bb7mHHv `2+2Bp2/ +FMQrH2/;2K2Mi T+F2ib iQ i?2 iQiH MmK#2` Q7 i`MbKBii2/ T+F2ibX h?2
aL_ Q7 i?i bm#@b2[m2M+2 Bb i?2 p2`;2 Q7 i?2 bm++2bb7mHHv `2+2Bp2/ *E T+F2ibX GBF2rBb2-
QM+2 i?2 2MiB`2 b2i Q7 bm#@b2[m2M+2b Bb i`MbKBii2/- i?2 __ Bb T`Q/m+2/ 7Q` 2+? bm#@b2[m2M+2-
M/ i?2 +Q``2bTQM/BM; aL_ Bb +QKTmi2/X h?2M  k@/BK2MbBQMH ;`T? Q7 i?2 __ pbX i?2 aL_
Bb THQii2/ iQ bmKK`Bb2 i?2 `2HiBQMb?BT #2ir22M i?2 irQ [mMiBiB2bX h?2 K2`Bi Q7 i?Bb TT`Q+?
Bb i?i i?2 [mHBiv Q7  HBMF +M #2 2pHmi2/ BM/2T2M/2Mi Q7 i?2 /BbiM+2 Q7 b2T`iBQM #2ir22M
i?2 i`MbKBii2` M/ i?2 `2+2Bp2` M/ T?vbB+H Hv2` T`K2i2`b bm+? b i?2 i`MbKBbbBQM TQr2`
M/ i?2 bT2+B}+ +?MM2H HHQ+i2/X h?2 r2FM2bb Q7 i?Bb TT`Q+? Bb i?i 7Q`  b?Q`i /m`iBQM-
i?2 +?MM2HǶb +?`+i2`BbiB+ Bb bbmK2/ iQ #2 #Qi? bvKK2i`B+H M/ +Q``2Hi2/ iQ ++QmMi 7Q` i?2
aL_ Q7 HQbi T+F2ibX q2 /QTi i?Bb TT`Q+? iQ 2pHmi2 i?2 2z2+i Q7 HBMF [mHBiv ~m+imiBQM
mTQM bm++2bb7mH T+F2i /2HBp2`v(q.R8)X
h#H2 9XR bmKK`Bb2b i?2 HBMFb b2H2+i2/ M/ i?2 i`MbKBbbBQM T`K2i2`b 7Q` 2+? HBMF mb2/
7Q` i?2 2tT2`BK2MiH bim/vX Ai HbQ 2pHmi2b i?2 T`QTQb2/ b+?2K2 BM i?Bb +?Ti2`X 6B;m`2X 9XR
/BbTHvb i?2 `2HiBQMb?BT #2ir22M i?2 __ M/ i?2 aL_ 7Q` HBMF 8 BM Qm` 2tT2`BK2MiX b +M
#2 b22M BM i?2 };m`2- T+F2ib `2 bm++2bb7mHHv /2HBp2`2/ rBi? ?B;?2` T`Q##BHBiB2b r?2M i?2 aL_
Bb H`;2 U7Q` M aL_ ;`2i2` i?M d /"- i?2 T`Q##BHBiv TT`Q+?2b mMBivVX >Qr2p2`- QM2 +M
HbQ Q#b2`p2 i?2 2tBbi2M+2 Q7 bm++2bb7mH T+F2i /2HBp2`v 2p2M r?2M i?2 aL_ Bb #2HQr R /"X A7
9XjX GBMF ZmHBiv 1biBKiBQM JQ/2H UAV 8j

















6B;m`2 9XR,  amKK`v Q7 i?2 _2HiBQMb?BT "2ir22M i?2 aL_ M/ i?2 __ Q7  qB`2H2bb GBMFX
aL_ Bb *QKTmi2/ b i?2 .Bz2`2M+2 "2ir22M i?2 _aaA M/ i?2 "+F;`QmM/ LQBb2 SQr2`X
URV i?2 T`Q##BHBiv /Bbi`B#miBQM 7mM+iBQM Q7 i?2 aL_ Q7 BM+QKBM; +FMQrH2/;2K2Mi T+F2ib M/
UkV i?2 /m`iBQM 7Q` r?B+?  HBMF +M #2 +QMbB/2`2/ bi#H2 7Q`  ;Bp2M aL_ +M #2 2biBKi2/-
i?2M Bi Bb TQbbB#H2 iQ /2i2`KBM2 rBi? r?i T`Q##BHBiv Qmi;QBM; T+F2ib +M #2 /2HBp2`2/ Q` HQbiX
h?Bb FMQrH2/;2 Bb mb27mH BM KMv rvbX 6Q` 2tKTH2- B7  MQ/2 +M /2i2`KBM2 i?i  HBMF rBHH
#2 ǳ#/Ǵ 7Q` i?2 M2ti τ b2+QM/b- i?2M Bi +M `27`BM 7`QK i`MbKBiiBM; T+F2ib M/ bH22T /m`BM;
i?Bb iBK2X h?Bb MQi QMHv bp2b 2M2`;v #mi HbQ 7`22b i?2 +?MM2H 7Q` i?Qb2 MQ/2b TQbb2bbBM; M
++2Ti#H2 HBMF [mHBiv(q.R8)X
9Xj GBMF ZmHBiv 1biBKiBQM JQ/2H UAV
h?Bb b2+iBQM /2i2`KBM2b i?2 TT`QT`Bi2 bBx2 Q7  #m`bi #v 2KTHQvBM;  +QM/BiBQMH +mKmHiBp2
/Bbi`B#miBQM 7mM+iBQM U*.6V Q7 +QMb2+miBp2 bm++2bb2b M/ +QMb2+miBp2 7BHm`2bX h?2 /Bbi`B#m@
iBQM 7mM+iBQM Bb Q#iBM2/ #v +QM/BiBQMBM; i?2 aL_ i?`2b?QH/ mbBM; BM+QKBM; +FMQrH2/;2K2Mi
T+F2ibX h?2 pHm2 Q7 i?2 aL_ i?`2b?QH/ /2}M2b i?2 `2HB#BHBiv Q7  HBMF M/ Bb iQ #2 +?Qb2M
#v i?2 BM/BpB/mH TTHB+iBQMX h?2 ?B;?2` i?2 aL_ i?`2b?QH/ i?2 ?B;?2` i?2 `2HB#BHBiv Q7 i?2
T+F2i /2HBp2`vX >Qr2p2`- b i?2 pHm2 Q7 i?2 aL_ i?`2b?QH/ BM+`2b2b i?2 T+F2i /2Hv rBHH
HbQ BM+`2b2X h?2 2tT2+i2/ pHm2 Q7 i?2 *.6 /2b+`B#2b i?2 bi#H2 /m`iBQM- BX2X- HH T+F2ib
i`MbKBii2/ rBi?BM i?Bb /m`iBQM KQbi HBF2Hv 2tT2`B2M+2  bBKBH` HBMF [mHBivX "b2/ QM i?Bb
89 *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL
BM7Q`KiBQM i?2 J* Hv2` +M /2+B/2 7Q` ?Qr HQM; Bi M22/b iQ biv BM i`MbKBi KQ/2 iQ i`Mb@
KBi T+F2ib M/ ?Qr HQM; i?2 /m`iBQM Q7  #/ HBMF [mHBiv Hbib bQ i?i Bi +M brBi+? Qz i?2
`/BQ iQ +QMb2`p2 2M2`;v +QMbmKTiBQM(q.R8)X
9XjXR h?2Q`2iB+H *QM/BiBQMH *.6
*QMbB/2` i?2 ~m+imiBQM BM i?2 bB;MH@iQ@MQBb2 `iBQ Q7 i?2 `2+2Bp2/ *E T+F2ib 7Q`  T`iB+mH`
HBMF b  `M/QK p`B#H2 bX h?2 *.6 Q7  `M/QK p`B#H2 b +M i?mb #2 /2b+`B#2/ b
F (s) = P{b ≤ s} - r?2`2 s Bb  `2H MmK#2`X h?2 /Bbi`B#miBQM 7mM+iBQM Bb Q#iBM2/ 7i2` b2iiBM;
 aL_ i?`2b?QH/ QM  `M/QK p`B#H2 7mM+iBQMX 1[miBQM 9Xj /2}M2  +QM/BiBQMH *.6 Q7 i?2
/m`iBQM BM r?B+? i?2 HBMF +M #2 +QMbB/2`2/ bi#H2(q.R8) RX
F (τ |sth) = P {h ≤ τ |b ≥ sth} U9XjV
r?2`2 h Bb  bi#H2 HBMF /m`iBQM 2tT`2bb2/ b  `M/QK p`B#H2- #2+mb2 Bi +MMQi #2 FMQrM
BM  /2i2`KBMBbiB+ b2Mb2X 1[miBQM 9Xj +M HbQ #2 2tT`2bb2/ b,
F (τ |sth) = P (h ≤ τ, b ≥ sth)
P (b ≥ sth) U9X9V
F (τ |sth) = P (b ≥ sth|h ≤ τ)F (τ)
P (b ≥ sth) U9X8V
F (τ |sth) = P (b ≥ sth|h ≤ τ)F (τ)
1− F (sth) U9XeV





[1− F (τ |sth)] dτ U9XdV
RAi b?QmH/ #2 MQi2/ i?i bi#H2 /Q2b MQi BKTHv ;QQ/X Ai bBKTHv K2M i?i i?2 [mHBiv Q7 i?2 HBMF BM i?Bb
/m`iBQM Bb +QMbB/2`2/ mM+?M;BM;X
9XjX GBMF ZmHBiv 1biBKiBQM JQ/2H UAV 88






















6B;m`2 9Xk, h?2 6Hm+imiBQM Q7 i?2 aL_ BM i?2 _2+2Bp2/ *E S+F2ib M/ i?2 h`Mb7Q`KiBQM
Q7 i?2 *QMiBMmQmb 6mM+iBQM Bb lb2/ iQ  .Bb+`2i2 6mM+iBQM iQ 1biBKi2 i?2 *QM/BiBQMH .m`iBQM
Q7  ai#H2 *QM/BiBQMX
h?2 iQiH MmK#2` Q7 T+F2ib r?B+? +M #2 i`MbKBii2/ +QMb2+miBp2Hv Q` i?2 MmK#2` Q7 T+F2ib
r?B+? +M #2 ?Hi2/ #27Q`2 i`MbKBiiBM; ;BM Bb /2i2`KBM2/ #v iFBM; 2[miBQM 9Xd HQM; rBi?
i?2 T+F2i bBx2 Ui?2 /27mHi T+F2i bBx2 Bb k3 "vi2b BM  hBMvPa 2MpB`QMK2MiV- i?2 i`Mb+2Bp2`Ƕb
/i `i2 Uk8y E#Tb 7Q` **k9kyV- M/ i?2 J* T`QiQ+QH T`BKBiBp2b bm+? b i?2 +H2` +?MM2H
bb2bbK2Mi M/ `M/QK #+F@Qz U*"V BMiQ +QMbB/2`iBQM(q.R8)X
9XjXk 1KTB`B+H *QM/BiBQMH *.6
h?2 bi#H2 /m`iBQM Q7 2+? HBMF mM/2` +QMbB/2`iBQM +M #2 /2i2`KBM2/ 2KTB`B+HHv #v mbBM;
2[miBQM 9XdX G2i mb +QMbB/2` M 2tKTH2 iQ mM/2`biM/ i?2 TT`Q+?X 6B`bi-  `M/QK 7mM+iBQM
Q7 i?2 aL_ ~m+imiBQM Q7 `2+2Bp2/ *E Bb Q#iBM2/ 7`QK i?2 2tT2`BK2MiH /i b b?QrM BM
};m`2X 9XkX L2ti- iQ /2}M2  bi#H2 /m`iBQM  +QMiBMmQmb 7mM+iBQM Q7 i?2 aL_ ~m+imiBQM
Bb i`Mb7Q`K2/ BMiQ  /Bb+`2i2 7mM+iBQM #v b2iiBM;  aL_ i?`2b?QH/X ++Q`/BM; iQ i?2 A111
3ykXR8X9 bT2+B}+iBQM-  ivTB+H HQr@+Qbi /2i2+iQ` BKTH2K2MiiBQM `2[mB`2b  KBMBKmK aL_
pHm2 Q7 8@e /" iQ +?B2p2  T+F2i 2``Q` `i2 US1_V Q7 RWX >Qr2p2`- Kv 2KTB`B+H bim/v
`2p2Hb i?i KQbi Q7 i?2 BMi2`K2/Bi2 [mHBiv HBMFb ?p2 aL_ `M;2b #2ir22M 8 iQ kR /"X
h?2`27Q`2-  ?B;?2` pHm2 Q7 SNR > 10 dB Bb HbQ +QMbB/2`2/(q.R8)X
6B;m`2X 9Xk b?Qrb i?2 ~m+imiBQM Q7 i?2 aL_ Q7 i?2 `2+2Bp2/ +FMQrH2/;2K2Mi T+F2ib M/ i?2
8e *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL
i`Mb7Q`KiBQM Q7 i?2 +QMiBMmQmb 7mM+iBQM BMiQ  /Bb+`2i2 7mM+iBQM #v b2iiBM; i?2 aL_ i?`2b?QH/
BM M Qmi/QQ` HQ+iBQMX h?2 b2M/2` MQ/2b i`MbKBi jy-yyy T+F2ib +QMiBMmQmbHv iQ i?2 `2+2Bp2`X
GQbi T+F2ib r2`2 MQi `2i`MbKBii2/X h?2 /BbiM+2 #2ir22M i?2 i`MbKBii2` M/ i?2 `2+2Bp2` Bb
8K M/ i?2 i`MbKBbbBQM TQr2` Q7 #Qi? MQ/2b Bb @Ry /"KX h?2 pHm2 Q7 i?2 aL_ i?`2b?QH/ Bb





1 B7 aL_ ≥ 6 dB
0 Qi?2`rBb2
U9X3V
"v b2iiBM; /Bz2`2Mi aL_ i?`2b?QH/b  +QMiBMmQmb 7mM+iBQM ?b #22M +?M;2/ BMiQ  /Bb+`2i2
7mM+iBQMX h?2 /Bb+`2i2 7mM+iBQM Bb  7mM+iBQM Q7 iBK2 bBM+2 T+F2ib `2 i`MbKBii2/ +QMb2+miBp2HvX
h?2 rB/i? Q7 2+? TmHb2 BM  /Bb+`2i2 7mM+iBQM +M #2 mM/2`biQQ/ b  iBK2 /m`iBQM M/ /2}M2/
b  bi#H2 /m`iBQMX HH i?2 T+F2ib i`MbKBii2/ BM i?2b2 /m`iBQM `2 2Bi?2` HQbi Q` bm++2bb7mH
2+? ?pBM; i?2 bK2 T`Q##BHBivX h?2M- i?2 rB/i? Q7 2+? TmHb2 #Qp2 i?2 aL_ i?`2b?QH/ Bb
K2bm`2/ iQ Q#iBM i?2 +QM/BiBQMH /Bbi`B#miBQM 7mM+iBQM Q7 i?2 iBK2 /m`iBQM 7Q` i?Qb2 T+F2ib
r?B+? r2`2 bm++2bb7mHHv i`MbKBii2/ BM bm++2bbBQM b ;Bp2M #v 2[miBQM 9XeX aBKBH`Hv- i?2
rB/i? Q7 2+? TmHb2 #2HQr i?2 aL_ i?`2b?QH/ Bb K2bm`2/ iQ Q#iBM i?2 +QM/BiBQMH *.6 Q7
i?2 iBK2 /m`iBQM 7Q` HQbBM; i`MbKBiiBM; T+F2ib BM bm++2bbBQMX 6B;m`2X 9Xj b?Qrb i?2 *.6b Q7
+QMiBMmQmb bm++2bb M/ +QMiBMmQmb 7BHm`2 7Q` aL_ i?`2b?QH/ Q7 e /"X 6B;m`2X 9X9 /BbTHv i?2
*.6b Q7 +QMb2+miBp2 bm++2bb2b M/ +QMb2+miBp2 7BHm`2b 7Q` /Bz2`2Mi pHm2b Q7 i?2 aL_ i?`2b?QH/X
h?2 pHm2 Q7 i?2 aL_ i?`2b?QH/ /2i2`KBM2b i?2 `2HB#BHBiv Q7 T+F2i i`MbKBbbBQM M/ Kmbi #2
+?Qb2M #v 2+? BM/BpB/mH TTHB+iBQM /2T2M/BM; QM Bib `2[mB`2K2MibX 6Q` 2tKTH2- B7 i?2
TTHB+iBQM `2[mB`2b  ?B;? T+F2i bm++2bb `i2 M/  HQr T+F2i HQbb `i2-  ?B;?2` pHm2 Q7 i?2
aL_ i?`2b?QH/ b?QmH/ #2 b2iX >Qr2p2`- B7 i?2 TTHB+iBQM +M iQH2`i2 HBMF HQbb2b M/ M22/b 
HQr i`MbKBbbBQM /2Hv i?2M Bi b?QmH/ b2H2+i i?2 HQr aL_ i?`2b?QH/ pHm2X 6B;m`2X 9X8 +QKT`2b
i?2 *.6 Q7 +QMiBMmQmb bm++2bb 7Q` /Bz2`2Mi HBMFb rBi? i?2 bK2 aL_ i?`2b?QH/(q.R8)X
9X9 GBMF ZmHBiv 1biBKiBQM JQ/2H UAAV
h?2 #Qp2 HBbi2/ TT`Q+? Bb HBKBi2/ #v Bib mb2 Q7  +QM/BiBQMH /Bbi`B#miBQM 7mM+iBQM Q#iBM2/ #v
2KTB`B+HHv /2}MBM; aL_ i?`2b?QH/b- ;Bp2M i?i i?Bb 7mM+iBQM Kv MQi #2 TTHB+#H2 7Q` /Bz2`2Mi
9X9X GBMF ZmHBiv 1biBKiBQM JQ/2H UAAV 8d




















6B;m`2 9Xj, h?2 1KTB`B+H *QM/BiBQMH .Bbi`B#miBQM 6mM+iBQM Q7 *QMb2+miBp2 am++2bb2b M/
6BHm`2b Q7  GBMFX






















6B;m`2 9X9, h?2 1KTB`B+H *QM/BiBQMH *.6 Q7 *QMb2+miBp2 am++2bb U*aV M/ *QMb2+miBp2
6BHm`2 U*6V 7Q` /Bz2`2Mi aL_ h?`2b?QH/bX
83 *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL





















6B;m`2 9X8, h?2 *QM/BiBQMH *.6 Q7 *QMb2+miBp2 am++2bb 7Q` .Bz2`2Mi GBMFbX
ivT2b Q7 HBMFbX AM Q`/2` iQ Qp2`+QK2 i?Bb HBKBiiBQM- A T`QTQb2 mbBM;  K+?BM2 H2`MBM; i2+?MB[m2
+HH2/ .Bb+`2i2 J`FQp JQ/2H HQM; rBi?  /i +Hmbi2`BM; H;Q`Bi?KX h?2 KQ/2H }`bi +HbbB}2b
HBMF [mHBiv BMiQ /Bz2`2Mi +Hmbi2`b UQ` bii2bV M/ /2i2`KBM2b i?2 i`MbBiBQM T`Q##BHBiv #2ir22M
i?2 bii2bX h?2M- Bi 2biBKi2b i?2 p2`;2 /m`iBQM Q7  HBMF bivBM; BM  bii2 M/ i?2 QTiBKH
MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM i?Bb bii2X
9X9XR *Hmbi2`BM;
AM KQbi T`+iB+H b2iiBM;b- i?2 [mHBiv Q7  HBMF /Q2b MQi biv i  +2`iBM H2p2H 7Q` HQM;c BMbi2/-
Bi ~m+imi2b #2ir22M /Bz2`2Mi H2p2HbX 6Q` i`+i#BHBiv- i?2b2 H2p2Hb +M #2 +i2;Q`Bb2/ BMiQ  72r
+QmMi#H2 M/ MQM@Qp2`HTTBM; `2;BQMbX h?2 p2`;2 __ Q7 i?2b2 `2;BQMb +M #2 +QMbB/2`2/ iQ
+?`+i2`Bb2 HBMF [mHBivX S`2pBQmbHv- p`BQmb `2b2`+?2`b ?p2 +HbbB}2/ i?2b2 `2;BQMb BMiQ ;QQ/
UARR ≈ 1V- BMi2`K2/Bi2 U0.9 ≤ ARR ≤ 0.1V M/ TQQ` UARR < 0.1V bii2b (>PG+yN- aSy3-
hSyN#)X >Qr2p2`-  bi`B+i +HbbB}+iBQM Q7 HBMF [mHBiv BMiQ }t2/ `2;BQMb Bb MQi `2HBbiB+- #2+mb2
T?vbB+H HBMFb ?p2 BM/BpB/mH bT2+ibX lMHBF2 T`2pBQmb TT`Q+?2b- F@K2M +Hmbi2`BM; Bb mb2 iQ
/2i2`KBM2 i?2 QTiBKH MmK#2` Q7 +Hmbi2`b i?i #2bi /2b+`B#2 i?2 /BbiBM+i bii2b Q7  HBMFX h?2
F@K2M +Hmbi2`BM; H;Q`Bi?K +M #2 `2HBb2/ BM irQ bi2Tb(J+yk),
RX bbB;MK2Mi bi2T, AM bbB;MK2Mi bi2Tb i?2 H;Q`Bi?K `M/QKHv b2H2+ib ǵFǶ MmK#2` Q7
+Hmbi2`b- 7i2` r?B+?  +2Mi2` 7Q` 2+? +Hmbi2` Bb +H+mHi2/X h?2 1m+HB/2M /BbiM+2 Bb +H@
9X9X GBMF ZmHBiv 1biBKiBQM JQ/2H UAAV 8N
+mHi2/ #2ir22M 2+? /i TQBMi M/ i?2 +Hmbi2` +2Mi2`X Ji?2KiB+HHv- i?2 bbB;MK2Mi





xp : ||xp −m(t)i ||2 ≤: ||xp −m(t)j ||2∀j, 1 ≤ j ≤ k
}
U9XNV
r?2`2- ǵxpǶ biM/b 7Q` i?2 /i TQBMib- ǵmiǶ Bb i?2 +Hmbi2` +2Mi2` Q7 +Hmbi2` ǵBǶ M/ Si /2MQi2b
i?2 +Hmbi2` ǵBǶ
kX lT/i2 bi2T, AM i?2 mT/i2 bi2T Q#b2`piBQM TQBMib `2 `2bbB;M2/ iQ +Q``2bTQM/BM;
+Hmbi2`b r?Qb2 /BbiM+2 Bb KBMBKmK iQ i?2 +Hmbi2` +2Mi2`X h?2M-  M2r +Hmbi2` +2Mi2` Bb












6Q` n >> 1- H2i An #2  /Bb+`2i2 b2[m2M+2 Q7 bm++2bb7mHHv +FMQrH2/;2/ M/ HQbi T+F2ib 7`QK
r?B+? i?2 k@/BK2MbBQMH __ pbX i?2 aL_ p2+iQ` +M #2 T`Q/m+2/X h?2 F@K2M +Hmbi2`BM;
H;Q`Bi?K (aXye) +M #2 TTHB2/ iQ i?Bb p2+iQ` rBi? i?2 ;QH Q7 T`iBiBQMBM; Bi BMiQ F KmimHHv
BM/2T2M/2Mi +Hmbi2`b- 2+? +Hmbi2` rBi? Bib +2Mi`QB/ `2T`2b2MiBM;  HBMF [mHBiv bii2X h?2 F@
K2M i`2ib 2+? pHm2 Q7 i?2 `iBQ (ARR, SNR) TB` b M Q#D2+iX >2M+2- bBKBH` Q#D2+ib `2
HQ+i2/ +HQb2 iQ 2+? Qi?2`- i?mb 7Q`KBM;  +Hmbi2`X hQ /2i2`KBM2 i?2 QTiBKH MmK#2` Q7 +Hmbi2`b
7Q`  ;Bp2M HBMF- r2 2KTHQv2/ i?2 bBH?Qm2ii2 K2i?Q/ (S3d)- r?B+? Bb M Bi2`iBp2 K2i?Q/ #b2/
QM i?2 +QKT`BbQM Q7 i?2 p2`;2 /BbiM+2 #2ir22M TQBMib rBi?BM  +Hmbi2` M/ +`Qbb +Hmbi2`bX
i?2 ;QH Bb iQ /2i2`KBM2 i?2 MmK#2` Q7 +Hmbi2`b r?B+? +M /BbiBM+iHv +i2;Q`Bb2  /ib2iX q2
#2;BM rBi? k +Hmbi2`b M/ BM+`2b2 i?2 MmK#2` Q7 +Hmbi2`b mMiBH r2 Q#iBM M QTiBKH K2bm`2





r?2`2 a(i) Bb i?2 p2`;2 /BbiM+2 7`QK i?2 ith TQBMi iQ HH i?2 Qi?2` TQBMib BM i?2 bK2 +Hmbi2`
M/ b(i) Bb i?2 KBMBKmK p2`;2 /BbiM+2 7`QK i?2 ith TQBMi iQ HH Q7 i?2 TQBMib Q7 i?2 /Bz2`2Mi
+Hmbi2`b Ub22 6B;m`2 9XdVX 6B;m`2 9Xe /BbTHvb i?2 +2Mi`QB/b Q7 i?`22 +Hmbi2`b +QKTmi2/ #v i?2
bBH?Qm2ii2 K2i?Q/ 7Q` HBMF 8X
ey *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL

























6B;m`2 9Xd, h?2 aBH?Qm2ii2 J2i?Q/ lb2/ iQ *QKTmi2 i?2 JtBKmK LmK#2` Q7 *Hmbi2`b i?i
+M .BbiBM+iHv *i2;Q`Bb2  .ib2iX
9X9Xk aii2 h`MbBiBQMH S`Q##BHBiB2b
7i2` +Hmbi2`BM;- i?2 M2ti bi2T Bb /2i2`KBMBM; i?2 T`Q##BHBiv Q7 i`MbBiBQMb #2ir22M i?2 +Hmbi2`b
UbB;MB7vBM; HBMF [mHBiv ~m+imiBQMV /m`BM;  +QMiBMmQmb i`MbKBbbBQM Q7 T+F2ibX h?Bb +M #2
/QM2 mbBM;  }`bi Q`/2` J`FQp +?BM (_3N)X AM i?Bb TT`Q+?- iBK2 Bb /BpB/2/ BMiQ /Bb+`2i2 bHQib
M/ T+F2ib `2 i`MbKBii2/ BM #m`bi BM 2+? bHQi U7Q` Qm` +b2- i?2 #m`bi bBx2 Bb b2i iQ #2 Ry
T+F2ibVX lbBM; i?2 +FMQrH2/;2K2Mi T+F2ib BM 2+? bHQi- i?2 __- i?2 p2`;2 aL_- M/ i?2
9X9X GBMF ZmHBiv 1biBKiBQM JQ/2H UAAV eR
HBMF [mHBiv bii2 U+Hmbi2`V `2 /2i2`KBM2/ b /Bb+mbb2/ BM b2+iBQM 9X9XRX 7i2`  bm{+B2MiHv H`;2
MmK#2` Q7 T+F2ib `2 i`MbKBii2/ M/ i?2 __- i?2 aL_- M/ HBMF [mHBiv bii2 Q7 bm#b2[m2Mi
bHQib `2 2biBKi2/- i?2 ~m+imiBQM BM HBMF [mHBiv Bb /2b+`B#2/ #v  bii2 i`MbBiBQM T`Q##BHBiv-
r?B+? Bb +QKTmi2/ b 7QHHQrb(_3N),
aij = P (Sj|Si) = Ni→j∑M
m=1Ni→m
U9XRkV
r?2`2M Bb i?2 iQiH MmK#2` Q7 bii2b M/ N Bb i?2 MmK#2` Q7 i`MbBiBQMbX M BMi2`2biBM; bT2+i
Q7 2[miBQM 9XRk Bb i?2 TQbbB#BHBiv Q7 bFBM; UM/ Mbr2`BM;V i?2 7QHHQrBM; [m2biBQM, ;Bp2M i?i
i?2 +?MM2H Bb BM  FMQrM bii2 /m`BM; i?2 #2;BMMBM; Q7 bHQi τ - r?i Bb i?2 T`Q##BHBiv i?i Bi
bivb BM i?2 bK2 bii2 7Q` i?2 M2ti d bHQib Ub 2tT`2bb2/ #v 2[miBQM 9XRj(_3N)VX h?Bb Bb M















h?2 [m2biBQM +M #2 Mbr2`2/ mbBM; i?2 7QHHQrBM; 2tT`2bbBQM,
Pn (d) = (ann)
d (1− ann) U9XR9V
q?2`2 ann Bb i?2 T`Q##BHBiv i?i i?2 HBMF [mHBiv Bb BM bii2 n M/ `2KBMb BM i?2 bK2 bii2
BM i?2 M2ti iBK2 bHQiX LQi2 i?i i?2 THQi Q7 Pn(d) 7Q` HH d ;Bp2b i?2 T`Q##BHBiv Kbb 7mM+iBQM
7Q` bii2 n- 7`QK r?B+? Bi Bb TQbbB#H2 iQ /2i2`KBM2 i?2 2tT2+i2/ MmK#2` Q7 bHQib 7Q` r?B+? i?2








GQM;@i2`K HBMF [mHBiv ~m+imiBQM +M #2 2biBKi2/ mbBM; 2[miBQMb 9XRk M/ 9XR8X AM i?2
#2;BMMBM; c T+F2ib `2 i`MbKBii2/ BM #m`bi U7Q` Qm` +b2- r2 b2i n = 10V M/ #b2/ QM
i?2 __ Q7 i?i bHQi- i?2 bii2 Q7 i?2 HBMF [mHBiv Bb 2biBKi2/X h?2M mbBM; 2[miBQM 9XR8- i?2
ek *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL




6B;m`2 9X3, aHQi a+?2/mHBM;
2tT2+i2/ MmK#2` Q7 bHQib BM r?B+? i?2 HBMF [mHBiv `2KBMb BM i?2 bK2 bii2 Bb 2biBKi2/X PM+2
i?2 2tT2+i2/ MmK#2` Q7 bHQib `2 mb2/- i?2 M2ti bii2 Bb 2biBKi2/ mbBM; 2[miBQM 9XRk M/ i?2M
i?2 bK2 T`Q+2bb Bb `2T2i2/ HH Qp2` ;BMX h?Bb TT`Q+? ?Qr2p2` ?b irQ HBKBiiBQMbX 6B`bi-
bBM+2 i?2 i`MbBiBQM #2ir22M bii2b Bb  T`Q##BHBbiB+ i2`K- i?2 TT`Q+? rBHH Hrvb +?QQb2 i?2
i`MbBiBQM rBi? i?2 ?B;?2bi T`Q##BHBivX >Qr2p2`-  bii2 i`MbBiBQM rBi?  HQr T`Q##BHBiv /Q2b
MQi K2M i?i i?2 i`MbBiBQM rBHH MQi Q++m`X a2+QM/- QM+2  r`QM; i`MbBiBQM Bb +?Qb2M- i?2
bm#b2[m2Mi d¯n bHQib +QKTmi2/ mbBM; i?2 2[miBQM 9XR8 7Q` i?i bii2 /Q MQi `2~2+i i?2 +imH
HBMF [mHBiv bii2X hQ /2H rBi? i?2b2 T`Q#H2Kb r2 BMi`Q/m+2/ irQ +Q``2+iBQM 7+iQ`bX 6B`bi- iQ
+Q``2+i i?2 2``Q` i?i Q++m`b /m2 iQ r`QM; i`MbBiBQMb- i?2 i`MbKBbbBQM b+?2K2 iF2b T2`BQ/B+
K2bm`2K2Mib M/ 2biBKi2b i?2 +?MM2H bii2bX A7 i?2`2 Bb  /Bb+`2TM+v #2ir22M i?2 Hi2bi
2biBKi2/ bii2 M/ i?2 bii2 /2i2`KBM2/ #v i?2 i`MbBiBQM T`Q##BHBiv- i?2M i?2 Hi2bi bii2
Bb iF2M b i?2 T`2b2Mi +?MM2H bii2 Ui?Bb TT`Q+? Bb BHHmbi`i2/ #v 6B;m`2 9X3VX 6B;m`2 9XN
BHHmbi`i2b i?2 `iBQ Q7 bm++2bb7mHHv `2+2Bp2/ iQ i`MbKBii2/ T+F2ib 7Q` /Bz2`2M+2 pHm2b Q7 M -
r?2`2 M Bb i?2 /BbiM+2 #2ir22M iBK2 bHQib BM r?B+? K2bm`2K2Mi Bb iF2M iQ +Q``2+i bii2
i`MbBiBQMX lM/2`biM/#Hv- b i?2 /BbiM+2 BM+`2b2b- i`MbBiBQM 2``Q` BM+`2b2b M/ T+F2ib `2
bm++2bb7mHHv i`MbKBii2/ rBi?  bKHH T`Q##BHBivX a2+QM/- iQ 2M#H2 i`MbBiBQM BMiQ bii2b rBi?
HQr i`MbBiBQM T`Q##BHBiB2b- i?2 i`MbBiBQMb `2 `M/QKBb2/ b 7QHHQrb, randomselect (S,A)-
r?2`2 S = (Sj, Sk, ..., Sn) M/ A = (aij, aik, ..., ain)X
9X9X9 "m`bi aBx2 .2i2`KBMiBQM
7i2` i?2 bii2 b2[m2M+2 Bb /2i2`KBM2/- i?2 M2ti bi2T Bb /2i2`KBMBM; i?2 MmK#2` Q7 T+F2ib
i?i b?QmH/ #2 i`MbKBii2/ BM #m`bi BM 2+? bii2X h?2 ;QH Bb iQ KBMBKBb2 i?2 MmK#2` Q7
HQbi T+F2ibX PM+2 ;BM  }`bi Q`/2` J`FQp +?BM Bb 2KTHQv2/ 7Q` i?Bb bi2T- #mi i?Bb iBK2-
i?2 MmK#2` Q7 bii2b Bb }t2/ iQ irQ- bm++2bb URV M/ 7BHm`2 UyVX h?2 b2[m2M+2 Q7 `2+2Bp2/
+FMQrH2/;2K2Mi T+F2ib /m`BM;  i2bi T?b2 Bb mb2/ iQ /2i2`KBM2 i?2 bii2 i`MbBiBQM T`Q#@
9X9X GBMF ZmHBiv 1biBKiBQM JQ/2H UAAV ej



















6B;m`2 9XN, h?2 *.6 Q7 am++2bb _i2 7Q` .Bz2`2Mi .BbiM+2b "2ir22M J2bm`2/ aHQibX
01 11 10 01
10 11 11 00 11
1 0 1 1 1 1 0 0 1 1
6B;m`2 9XRy, a2[m2M+2 Q7 +FMQrH2/;2K2Mi S+F2ib aB;MB7vBM; 2Bi?2` am++2bb7mH Q` 6BH2/ S+F2i
h`MbKBbbBQMb M/ i?2 .2i2`KBMiBQM Q7 aii2 h`MbBiBQM S`Q##BHBiB2bX
#BHBiB2bX *QMbB/2` };m`2 9XRy BM r?B+? 7i2` Ry T+F2ib `2 i`MbKBii2/ BM #m`bi- i?2 b2[m2M+2
Q7 +FMQrH2/;2K2Mi T+F2ib Bb ;Bp2MX h?2 bii2 i`MbBiBQM Bb /BbTHv2/ BM };m`2 9XRRX 6`QK i?2
b2[m2M+2 Q7 +FMQrH2/;2K2Mi T+F2ib- Bi +M #2 b22M i?i HiQ;2i?2` i?2`2 `2 N i`MbBiBQMb,
QM+2 7`QK y iQ y- irB+2 7`QK y iQ R- irB+2 7`QK R iQ y M/ 7Qm` iBK2b 7`QK R iQ RX >2M+2








X PM+2 i?2 bii2 i`MbBiBQM
T`Q##BHBiB2b `2 /2i2`KBM2/- i?2 2tT2+i2/ #m`bi bBx2 +M #2 +H+mHi2/ QM+2 ;BM #v TTHvBM;
2[miBQM 9XR8X Ai Kmbi #2 MQi2/ i?i i?2 b2[m2M+2 Q#iBM2/ BM };m`2 9XRy Bb MQi bm{+B2Mi iQ
T`Q/m+2 `2HB#H2 biiBbiB+bX AM `2HBiv- `2T2i2/ 2tT2`BK2Mib `2 +QM/m+i2/ iQ Q#iBM i?2 bii2
i`MbBiBQM T`Q##BHBiB2bX





6B;m`2 9XRR,  hrQ@aii2 J`FQp S`Q+2bb JQ/2HHBM; "m`bi h`MbKBbbBQM rBi?BM  GBMF ZmHBiv
aii2X
9X8 1pHmiBQM
hQ 2pHmi2 i?2 2{+B2M+v Q7 i?2 T`QTQb2 b+?2K2 BM i?Bb +?Ti2`- JQ#BH# Bb /2THQv2/ 7Q` BM/QQ`
M/ Qmi/QQ` 2MpB`QMK2MibX h?2 /BbiM+2 M/ i`MbKBbbBQM TQr2` #2ir22M i?2 MQ/2b Bb `#B@
i``BHv p`B2/ 7`QK Ry iQ 98 K M/ 7`QK @j /"K iQ @R8 /"K- `2bT2+iBp2Hv- iQ Q#iBM /Bz2`2Mi
HBMF [mHBiB2bX hrQ BM/QQ` M/ i?`22 Qmi/QQ` HBMFb `2 b2H2+i2/X A i`MbKBi KQ`2 i?M jyy-yyy
T+F2ib #Qi? iQ Q#iBM biiBbiB+b T2`iBMBM; iQ HBMF [mHBiv ~m+imiBQMb M/ iQ i2bi i?2 T`QTQb2
TT`Q+?2bX .m`BM;  +QMiBMmQmb i`MbKBbbBQM Q7 T+F2ib- i?2 BMi2` T+F2i BMi2`pH UASAV Bb b2i
iQ ky Kb b /2b+`B#2/ BM i#H2 9XR- bQ i?i 2+? MQ/2 ?b bm{+B2Mi iBK2 iQ `2+2Bp2 T+F2ib M/
iQ HQ+HHv biQ`2 HBMF [mHBiv K2i`B+bX
h?2 T2`7Q`KM+2 Q7 i?2 T`QTQb2/ KQ/2Hb- i?2 *QM/BiBQMH S`Q##BHBiv "b2b U*S"V M/ .Qm@
#H2 J`FQp "b2/ U.J"V- `2 +QKT`2/ rBi? i?2 ǵ"b2HBM2Ƕ TT`Q+? BM r?B+? T+F2ib `2
i`MbKBii2/ BM #m`bi rBi?Qmi iFBM; FMQrH2/;2 Q7 HBMF [mHBiv ~m+imiBQM BMiQ ++QmMiX h?2
`2bQM iQ +QKT`2 i?2b2 rBi? i?2 ǵ"b2HBM2Ƕ TT`Q+? Bb iQ b?Qr i?2 ;BM BM i?2 T2`7Q`KM+2
Q7 i?2 #m`bi i`MbKBbbBQM b+?2K2 r?2M i?2 mM/2`HvBM; HBMF [mHBiv ~m+imiBQM Bb iF2M BMiQ
++QmMiX aBM+2 KQbi Q7 i?2 #m`bi i`MbKBbbBQM T`QiQ+QHb /B/ MQi iF2 HBMF [mHBiv ~m+imiBQMb
BMiQ ++QmMiX
9X8X 1pHmiBQM e8
9X8XR PTiBKH *Hmbi2` aBx2 7Q` i?2 .J" JQ/2H
S`2pBQmb bim/B2b bm;;2bi i?i HBMF [mHBiv +M #2 +i2;Q`Bb2/ BMiQ i?`22 bii2b- MK2Hv- ;QQ/
UT2`72+iV- BMi2`K2/Bi2 U#m`bivV- M/ #/X aBM+2 i?Bb Bb  THmbB#H2 +HbbB}+iBQM- Bi Bb TQbbB#H2
i?i Bi /Q2b MQi TTHv iQ HH FBM/ Q7 HBMFbX AM Qm` BMp2biB;iBQM iQ }M/ i?2 QTiBKH bBx2 Q7 k-
/Bz2`2Mi pHm2b Q7 k `2 +QMbB/2`2/ M/ i?2 T+F2i bm++2bb `i2 Q7 /Bz2`2Mi HBMFb Bb K2bm`2/X
h?2 S+F2i am++2bb _i2 USa_V Bb  K2i`B+ mb2/ iQ K2bm`2 i?2 T2`7Q`KM+2 Q7 i`MbKBbbBQM
T`QiQ+QHbX h?2 T+F2i bm++2bb `i2 7Q` i`MbKBii2` ǵiǶ Bb /2}M2 b i?2 `iBQ Q7 i?2 MmK#2`






q?2`2- ACKt Bb i?2 MmK#2` Q7 *E T+F2ib `2+2Bp2/ #v i?2 i`MbKBii2` i BM ǵhǶ b2+QM/b M/
PKTt Bb i?2 iQiH MmK#2` Q7 T+F2ib i`MbKBii2/ #v i`MbKBii2` i BM ǵhǶ b2+QM/bX 6B;m`2 9XRk
+QKT`2b i?2 T+F2i bm++2bb `i2 7Q` /Bz2`2Mi pHm2b Q7 k M/ +QKT`2b i?2 T2`7Q`KM+2 rBi?
i?2 "b2HBM2 b+?2K2X h?Bb K2bm`2K2Mi rb Q#iBM2/ #v i`MbKBiiBM; Ryyy T+F2ib 7Q` 2+?
i2bi +b2 M/ 7Q` 2+? Q7 i?2 8 b2H2+i2/ HBMFbX *Hmbi2` bBx2b Q7 k- j- M/ 9 `2 +QMbB/2`2/X b +M
#2 b22M 7`QK };m`2 9XRk- i?2 .J" KQ/2H BKT`Qp2b T+F2i /2HBp2`v- `2;`/H2bb Q7 i?2 pHm2 Q7
kX L2p2`i?2H2bb- 7Q` HBMFb R- j- M/ 8- i?2 pHm2 Q7 k i?i `2bmHi2/ BM i?2 ?B;?2bi T+F2i /2HBp2`v
rb 9- r?2`2b 7Q` HBMF k- Bi rb k- M/ 7Q` HBMF 9 Bi rb jX h?2 `2bQM 7Q` i?Bb Bb i?2 bBx2 Q7 i?2
i`MbBiBQMH `2;BQMX A7 i?2 bBx2 Q7 i?2 i`MbBiBQMH `2;BQM Bb bKHH K2MBM; +HQb2 iQ x2`Q- i?2M
i?2 HBMF +M #2 /2b+`B#2/ T2`72+iHv rBi? QMHv irQ bii2b #2+mb2 Bi Bb 2Bi?2` ;QQ/ Q` #/X b
i?2 bBx2 Q7 i?2 i`MbBiBQMH `2;BQM BM+`2b2b- Bi Bb MQi TQbbB#H2 iQ /2}M2 i?2 HBMF T2`72+iHv #v i?2
irQ bii2b Q7 #/ M/ ;QQ/X h?2`27Q`2- i?2 i?B`/ M/ 7Qm`i? bii2 Bb `2[mB`2/ iQ /2b+`B#2 i?2
i`MbBiBQMH `2;BQM +QKTH2i2HvX h?Bb 2tTHBMb r?v i?2 +Hmbi2` bBx2 /2T2M/b mTQM i?2 bT2+B}+
Mim`2 Q7  HBMFX
9X8Xk S+F2i am++2bb _i2
h?2 T+F2i bm++2bb `i2 Bb QM2 Q7 i?2 BKTQ`iMi T2`7Q`KM+2 K2bm`2K2Mi r?B+? z2+ib i?2
T2`7Q`KM+2 Q7 rB`2H2bb b2MbQ` M2irQ`FbX 6B`bi- i?2 T+F2i bm++2bb `i2 7Q` i?2 .J" KQ/2H
ee *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL
















k=2 k=3 k=4 Baseline
6B;m`2 9XRk,  *QKT`BbQM Q7 i?2 S+F2i am++2bb _i2 Q7 .Bz2`2Mi GBMFb mbBM; .Bz2`2Mi pHm2b
Q7 kX
Bb +QKT`2/ rBi? i?2 "b2HBM2 KQ/2HX hQ i2bi i?2 `2T`Q/m+B#BHBiv Q7 #Qi? b+?2K2b- i?2 iQiH
MmK#2` Q7 T+F2ib i`MbKBii2/ `2 p`B2/ b 7QHHQrb, 8yy- 8yyy M/ Ry-yyyX 6B;m`2 9XRj b?Qrb
i?2 MmK#2` Q7 bm++2bb7mHHv i`MbKBii2/ T+F2ib #v i?2 .J" M/ "b2HBM2 TT`Q+?2bX 6Q`
2+? i2bi +b2 i?2 2tT2`BK2Mi Bb `2T2i2/ Ry iBK2b M/ HQbi T+F2ib `2 MQi `2i`MbKBii2/X h?2
.J" b+?2K2 ?b  ?B;?2` MmK#2` Q7 T+F2i bm++2bb2b b Bi Bb #H2 iQ 2biBKi2 i?2 T2`BQ/ Q7
#/ /m`iBQM 2z2+iBp2Hv M/ `27`BM 7`QK i`MbKBiiBM; T+F2ib /m`BM; i?i T2`BQ/X































































6B;m`2 9XRj,  *QKT`BbQM Q7 i?2 S+F2i am++2bb2b Q7 .J" h`MbKBbbBQM a+?2K2 rBi? i?2
"b2HBM2X
6B;m`2 9XR9 +QKT`2b i?2 T2`7Q`KM+2 Q7 .J"- *S"- M/ "b2HBM2 7Q` 8 /Bz2`2Mi HBMFbX Ry-yyy
T+F2ib `2 i`MbKBii2/ QM 2+? HBMF 7Q` 2+? i`MbKBbbBQM b+?2K2X "Qi? b+?2K2b- .J" M/
9X8X 1pHmiBQM ed

















6B;m`2 9XR9,  *QKT`BbQM Q7 i?2 S+F2i am++2bb2b Q7 .J"- *S" M/ "b2HBM2 a+?2K2bX
*S"- T`Q/m+2/ TT`2+B#H2 ;BM +QKT`2/ iQ i?2 "b2HBM2 b+?2K2 U+QM}`KBM; i?2 BKTQ`iM+2
Q7 M 2{+B2Mi i`MbKBbbBQM b+?2K2 i i?2 J* Hv2`VX h?2 .J" b+?2K2 QmiT2`7Q`Kb i?2 *S"
b+?2K2 QM HH i?2 HBMFb #2+mb2 Bi 2{+B2MiHv KQ/2Hb HBMF ~m+imiBQM BMiQ /Bz2`2Mi bii2bX AM i?2
.J" KQ/2H- #m`bi i`MbKBbbBQM iF2b TH+2 rBi?BM  bBM;H2 bii2 7QHHQr2/ #v  Tmb2 #27Q`2
 bii2 i`MbBiBQM iF2b TH+2- r?B+? K2Mb- i?2 KtBKmK #m`bi bBx2 rBi?BM  bii2 Bb #QmM/
#v i?2 /m`iBQM Q7 i?2 iBK2 bHQiX AM +QMi`bi- mbBM; i?2 *S" KQ/2H vB2H/b MQ MQiBQM Q7 bii2X
 #m`bi +M ?p2 Mv bBx2X 1+? #` ;`T? `2T`2b2Mib i?2 p2`;2 Qmi+QK2 Q7 Ry `2T2i2/
2tT2`BK2MibX
9X8Xj h`MbKBbbBQM hBK2
h`MbKBbbBQM iBK2 Bb /2}M2/ b ǳi?2 KQmMi Q7 iBK2 `2[mB`2/ iQ i`MbKBi  bBM;H2 T+F2i 7`QK
bQm`+2 iQ /2biBMiBQMǴX h?Bb Bb bBKBH` iQ i?`Qm;?TmiX 6B;m`2 9XR8 b?Qrb i?2 iBK2 `2[mB`2/ iQ
i`MbKBi Ryyy T+F2ib bm++2bb7mHHv 7`QK i?2 bQm`+2 iQ i?2 /2biBMiBQM #v 2+? b+?2K2X GQbi
T+F2ib `2 `2i`MbKBii2/ BM i?Bb 2tT2`BK2Mi #v HH i`MbKBbbBQM b+?2K2bX 1+? i`MbKBbbBQM
b+?2K2 i`MbKBib T+F2ib mMiBH HH i?2 i`MbKBii2/ T+F2ib `2 bm++2bb7mHHv +FMQrH2/;2/X h?2
"b2HBM2 KQ/2H ?b i?2 HQr2bi i`MbKBbbBQM iBK2 +QKT`2/ rBi? i?2 *S" M/ .J" KQ/2Hb
#2+mb2 Q7 i?2 7+i i?i Bi i`MbKBib T+F2ib +QMiBMmQmbHv rBi? Qmi Mv BMi2``mTiBQMX h?2 *S"
b+?2K2 ?b i?2 ?B;?2bi i`MbKBbbBQM iBK2 /m2 iQ Bib BM?2`2Mi 72im`2 Umb2 }t i?`2b?QH/V r?B+?
e3 *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL






















6B;m`2 9XR8,  *QKT`BbQM Q7 i?2 h`MbKBbbBQM .m`iBQMb Q7 i?2 .J"- *S" M/ "b2HBM2
a+?2K2b
mM/2`@2biBKi2b i?2 [mHBiv Q7 i?2 HBMFX >Qr2p2`- i?2 i`MbKBbbBQM iBK2 +QK2b i i?2 +Qbi Q7
?B;?2` T+F2i HQbb M/ MmK#2` Q7 `2i`MbKBbbBQM ii2KTibX h?2 ;BM Q7 i`MbKBbbBQM iBK2 7Q`
"b2HBM2 Bb +QKT`#H2 iQ Qi?2` i2+?MB[m2b /m2 iQ 2{+B2Mi KQ/2HBM; Q7 HBMF [mHBiv ~m+imiBQM
#v *S" M/ .J" K2i?Q/bX
9X8X9 1M2`;v *QMbmKTiBQM
1M2`;v +QMbmKTiBQM Bb M BKTQ`iMi K2i`B+ 2bT2+BHHv 7Q` HQr@TQr2` rB`2H2bb b2MbQ` M2irQ`F
r?B+? QT2`i2b QM #ii2`v TQr2`X hQ K2bm`2 i?2 2M2`;v +QMbmKTiBQM Q7 i?2 i`MbKBiiBM;
MQ/2b- i?2 rB`2H2bb b2MbQ` M2irQ`F rb KQp2/ iQ H# b2iiBM; M/ uQFQ;r /B;BiH TQr2` MH@
vb2`b UqhkRyV r2`2 ii+?2/ iQ i?2 i`MbKBiiBM; MQ/2 BM Q`/2` iQ K2bm`2 i?2 TQr2`X HH
i?2 i`MbKBbbBQM b+?2K2b mb2 i?2 bK2 +QM};m`iBQM M/ b?QmH/ i`MbKBi 8yyy T+F2ib bm+@
+2bb7mHHv iQ i?2 /2biBMiBQM MQ/2 UBX2X- HQbi T+F2ib r2`2 `2i`MbKBii2/VX 6B;m`2 9XRe +QKT`2b
i?2 2M2`;v +QMbmKTiBQM Q7 .J"- *S"- M/ "b2HBM2X h?2 .J" KQ/2Hb ?b i?2 HQr2bi 2M2`;v
+QMbmKTiBQM /m2 iQ irQ `2bQMbX PM QM2 ?M/- Bi 2{+B2MiHv mb2b i?2 ;QQ/ [mHBiv HBMF T2`BQ/
iQ i`MbKBi T+F2ib M/ QM Qi?2`- i?2 .J" KQ/2Hb `27`BMb 7`QK i`MbKBiiBM; T+F2ib /m`BM;
 #/ /m`iBQMX h?2 *S" HbQ ?b  MQiB+2#H2 ;BM BM TQr2` +QMbmKTiBQM b +QKT`2/ iQ i?2
"b2HBM2 TT`Q+?- r?B+? ?B;?HB;?ib i?2 BKTQ`iM+2 Q7 ?pBM; HBMF [mHBiv 2biBKiBQM KQ/2H 7Q`
#m`bi i`MbKBbbBQM b+?2K2bX
9XeX amKK`v eN



















6B;m`2 9XRe,  *QKT`BbQM Q7 i?2 1M2`;v *QMbmKTiBQM G2p2Hb Q7 .J"- *S"- M/ "b2HBM2
a+?2K2b
9Xe amKK`v
h?Bb +?Ti2` BMp2biB;i2b HQM;@i2`K ~m+imiBQMb Q7 HBMF [mHBiv BM rB`2H2bb b2MbQ` M2irQ`Fb
M/ T`QTQb2b irQ Q|BM2 b+?2K2b iQ 2biBKi2 i?2 2tT2+i2/ /m`iBQM Q7 bi#H2 i`MbKBbbBQM
T2`BQ/bX h?2 }`bi KQ/2H- *S"- Bb #b2/ QM +QM/BiBQMH T`Q##BHBiv M/ 2KTHQvb +QM/BiBQMH
/Bbi`B#miBQM 7mM+iBQMb r?2`2 i?2 HBMF [mHBiv /m`iBQM rb +QM/BiBQM2/ #v i?2 bB;MH@iQ@MQBb2
`iBQ i?`2b?QH/b Q7 i?2 T+F2ib i?i r2`2 +FMQrH2/;2/X h?2 KQ/2H /2i2`KBM2/ i?2 MmK#2` Q7
T+F2ib i?i +QmH/ #2 bm++2bb7mHHv i`MbKBii2/ BM #m`bi #v /2i2`KBMBM; i?2 2tT2+i2/ pHm2 Q7 i?2
/Bbi`B#miBQM 7mM+iBQMX AM Qi?2` rQ`/b- MQ/2b i`MbKBi T+F2ib BM #m`bi r?2M i?2 HBMF [mHBiv Bb
;QQ/ #mi i?2v `27`BM 7`QK i`MbKBiiBM; T+F2ib r?2M Bi Bb #/X h?2 T`Q#H2K rBi? i?2 T`QTQb2/
KQ/2H Bb +?QQbBM; i?2 pHm2 Q7 i?2 aL_ i?`2b?QH/X h?2`2 Bb MQ TQbbB#H2 rv iQ /2}M2  bBM;H2
pHm2 7Q` HH ivT2b Q7 HBMFbX h?2 2KTB`B+H bim/v `2p2Hb i?i i?2 bBx2 Q7 i?2 i`MbBiBQMH `2;BQM
p`B2b 7Q` /Bz2`2Mi HBMF [mHBivX >2M+2- i?2 *S" TT`Q+? Bb mM#H2 iQ KQ/2H i?2 i`MbBiBQM
`2;BQM /m2 iQ Bib p2`v +QMbi`m+iBQMX
h?2 T`Q#H2K Q7 i?2 *"S TT`Q+? Bb //`2bb2/ #v KQ/2HHBM; i?2 HBMF [mHBiv ~m+imiBQM mbBM;
 irQ@bi;2 J`FQp KQ/2H +HH2/ i?2 .J"X h?2 .J" TT`Q+? +M #2 `2HBb2/ BM i?`22 bi2Tb,
}`bi i?2 HBMF [mHBiv ~m+imiBQM Bb /BpB/2/ BMiQ +QmMi#H2 `2;BQMb mbBM;  F@K2M +Hmbi2`BM;
H;Q`Bi?KX .m2 iQ /Bz2`2Mi bBx2b Q7 i?2 i`MbBiBQMH `2;BQMb- i?2 .J" b+?2K2 TTHB2b i?2
bBH?Qm2ii2 K2i?Q/ iQ B/2MiB7v i?2 QTiBKH MmK#2` Q7 `2;BQMb iQ bm{+B2MiHv +?`+i2`Bb2 HBMF
dy *?Ti2` 9X M P|BM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaL
[mHBiv ~m+imiBQMX h?2b2 `2;BQMb b bii2b KQ/2H HBMF [mHBiv ~m+imiBQM BM  /Bb+`2i2 J`FQp
T`Q+2bbX a2+QM/- i?2 biiBbiB+b 7`QK i?2 __ pbX i?2 aL_ `2HiBQMb?BT `2 mb2/ iQ /2i2`KBM2
bii2 i`MbBiBQM T`Q##BHBiB2bX lbBM; bii2 i`MbBiBQM T`Q##BHBiB2b- i?2 2tT2+i2/ /m`iBQM  HBMF
bivb BM  ;Bp2M bii2 Bb +QKTmi2/X h?B`/- 7Q` 2+? bii2- i?2 .J" b+?2K2 2biBKi2b i?2
MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM #m`bi #v TTHvBM;  /Bb+`2i2 J`FQp T`Q+2bb QM
i?2 #BM`v b2[m2M+2 +QMbi`m+i2/ 7`QK `2+2Bp2/ +FMQrH2/;2K2Mi T+F2ibX
hQ i2bi i?2 THmbB#BHBiv Q7 #Qi? .J" M/ *S" TT`Q+?2b- M 2ti2MbBp2 2tT2`BK2Mi Bb T2`7Q`K2/
BM /Bz2`2Mi 2MpB`QMK2MibX h?2 T`QTQb2/ b+?2K2b `2 +QKT`2/ rBi? i?2 "b2HBM2 TT`Q+? BM
r?B+? MQ HBMF [mHBiv 2biBKiBQM KQ/2H Bb 2KTHQv2/X h?2 *S" M/ .J" KQ/2Hb `2 2pHmi2/
QM }p2 /Bz2`2Mi BM/QQ` M/ Qmi/QQ` HBMFb r?B+? ?p2 #22M b2i mT rBi? /Bz2`2Mi T?vbB+H Hv2`
T`K2i2`bX h?2 h2HQb" M/ AKQi2k MQ/2b `2 mb2 iQ b2i mT i?2 rB`2H2bb b2MbQ` M2irQ`FbX hQ
KQ/2H *S" M/ .J"- R8y-yyy T+F2ib `2 i`MbKBii2/ QM }p2 /Bz2`2Mi HBMFb rBi?  MmK#2` Q7
/Bz2`2Mi +QM};m`iBQMb b b?QrM BM i#H2 9XRX h?2M iQ 2pHmi2 i?2 T2`7Q`KM+2 Q7 .J"-*S"
M/ "b2HBM2 KQ/2Hb- //BiBQMH R8y-yyy T+F2ib r2`2 i`MbKBii2/X h?2 `2bmHi Q7 i?2b2 2tT2`B@
K2Mib +QM}`K i?i #Qi? *S" M/ .J" TT`Q+?2b BKT`Qp2b i?2 T+F2i bm++2bb mT iQ 9yW QM
/Bz2`2Mi rB`2H2bb HBMFb b +QKT`2/ rBi? i?2 "b2HBM2 TT`Q+?X h?2 .J" b+?2K2 QmiT2`7Q`Kb
i?2 *S" b+?2K2b M/ BKT`Qp2b i?2 T+F2i bm++2bb `i2 mT iQ k8WX h?2 T+F2i bm++2bb `i2
Bb BKT`Qp2/ /m2 iQ i?2 2{+B2Mi #m`bi bBx2 +H+mHiBQMX h?2 ;BM BM T+F2i bm++2bb M/ 7BHm`2
`2/m+2b i?2 MmK#2` Q7 `2@i`MbKBii2/ T+F2ib r?B+? 2p2MimHHv `2bmHib BM `2/m+BM; i?2 2M2`;v
+QMbmKTiBQMX
Pm` TT`Q+?2b .J"- M/ *S"- bbmK2 i?i B7 i?2 HBMF [mHBiv ~m+imiBQM Bb Q#b2`p2/ 7Q` 
bm{+B2MiHv HQM; iBK2- i?2M Bib biiBbiB+b +M #2 +QMbB/2`2/ biiBQM`v BM  rB/2 b2Mb2X b 
`2bmHi- HH i?2 T`K2i2`b i?i KF2 mT Qm` KQ/2H `2 biiB+X h?Bb- ?Qr2p2`- Kv MQi Hrvb
?QH/ i`m2 M/ i?2 T`K2i2`b b?QmH/ #2 /Dmbi2/ r?2M i?2 Mim`2 Q7 HBMF [mHBiv ~m+imiBQM
+?M;2bX Pm` 7mim`2 ;QH Bb iQ //`2bb i?Bb Bbbm2X
*?Ti2` 8
M PMHBM2 GBMF ZmHBiv 1biBKiBQM
JQ/2H 7Q` qaLb
h?2 T`BK`v b?Q`i+QKBM; Q7 M Q|BM2 TT`Q+? Bb Bib BM#BHBiv iQ /2H rBi? b?Q`i@i2`K HBMF
[mHBiv ~m+imiBQMbX AM Q`/2` iQ 2tTHQBi BMi2`K2/Bi2 #m`biv HBMFb- i?2 i`MbKBbbBQM b+?2K2
M22/b iQ ?M/H2 #Qi? HQM;@M/ b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMbX am{+B2Mi biiBbiB+b +M #2
+QHH2+i2/ iQ 2biBKi2 HQM;@i2`K HBMF [mHBiv- ?2M+2 ?2HTBM; T`2/B+i i?2 7i2 Q7 7mim`2 i`MbKBii2/
T+F2ib Qp2`  HQM; T2`BQ/ Q7 iBK2X PM i?2 Qi?2` ?M/- i?2 i`MbKBbbBQM b+?2K2 Kmbi H2`M i?2
+m``2Mi bii2 Q7 i?2 +?MM2H BM Q`/2` iQ /2H rBi? b?Q`i@i2`K HBMF ~m+imiBQMX
AM i?Bb +?Ti2`-  ?v#`B/ #m`bi i`MbKBbbBQM b+?2K2- MK2Hv Ǵ>@.J"Ǵ- (q.Re) Bb T`QTQb2/X
Ai /2Hb rBi? #Qi? HQM;@M/ b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMX h?2 ǵ>@.J"Ƕ b+?2K2 ?b irQ
T?b2b, Q|BM2 M/ QMHBM2X AM i?2 Q|BM2 T?b2- i?2 >@.J" b+?2K2 KQ/2Hb i?2 HBMF [mHBiv
~m+imiBQM mbBM;  irQ@bi;2 J`FQp KQ/2HX h?2 KQ/2H UV +HbbB}2b i?2 HBMF [mHBiv BMiQ
/Bz2`2Mi bii2b M/ /2i2`KBM2b i?2 i`MbBiBQM T`Q##BHBiB2b #2ir22M i?2 bii2bc U#V 2biBKi2b
i?2 p2`;2 MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM 2+? bii2 M/ U+V 2biBKi2b i?2
2tT2+i2/ /m`iBQM Q7  HBMF bivBM; BM  T`iB+mH` bii2X .m`BM; i?2 QMHBM2 T?b2- i?2 ǳ>@
.J"Ǵ mb2b i?2 b?Q`i@i2`K /i Q7 i?2 `2+2Bp2/ +FMQrH2/;2K2Mi T+F2ib iQ T`2/B+i i?2 KQbi
T`Q##H2 7mim`2 bii2 M/ i?2 bbQ+Bi2/ #m`bi bBx2X
dR
dk *?Ti2` 8X M PMHBM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb
8XR P|BM2 S?b2
hQ KQ/2H HBMF [mHBiv ~m+imiBQM BM Q|BM2 T?b2- i?2 ǳ>@.J"Ǵ b+?2K2 mb2b K+?BM2 H2`MBM;
i2+?MB[m2bX h?Bb ?v#`B/ b+?2K2 }`bi +HbbB}2b HBMF [mHBiv BMiQ /Bz2`2Mi +Hmbi2`b UQ` bii2bVX
Ai i?2M /2i2`KBM2 i?2 i`MbBiBQM T`Q##BHBiv #2ir22M i?2 bii2bX Ai HbQ 2biBKi2b i?2 p2`;2
/m`iBQM Q7  bii2 M/ i?2 QTiBKH MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM i?Bb bii2X h?2
K2+?MB+b Q7 M Q|BM2 T?b2 `2 #`B2~v /2b+`B#2/ #2HQr U7Q` /2iBHb TH2b2 `272` iQ +?Ti2` 9V,
RX lbBM; /i +QHH2+i2/ 7`QK Qm` b2MbQ` M2irQ`F-  `2HiBQMb?BT #2ir22M i?2 aL_ M/ i?2
__ Bb 2bi#HBb?2/X PM i?2 #bBb Q7 i?2 2bi#HBb?2/ `2HiBQMb?BT- F@K2M +Hmbi2`BM; Bb
2KTHQv2/ iQ KQ/2H HBMF [mHBiv ~m+imiBQM BMiQ /Bz2`2Mi bii2bX
kX aii2 i`MbBiBQM T`Q##BHBiB2b `2 +H+mHi2/ iQ 2bi#HBb?  `2HiBQMb?BT #2ir22M i?2 bii2bX
1tT2+i2/ bii2 /m`iBQM U1a.V +M HbQ #2 FMQrM #v mbBM; i?2 T`Q##BHBiv /2MbBiv 7mM+@
iBQM Q7 i?2 bii2bX
jX h?2 Hbi bi2T Q7 i?2 Q|BM2 T?b2 Bb iQ /2i2`KBM2 i?2 iQiH MmK#2` Q7 T+F2ib iQ #2
i`MbKBii2/ BM 2+? bii2 r?B+? Bb 7QmM/ #v 2KTHQvBM; i?2 }`bi Q`/2` J`FQp +?BM rBi?
irQ bii2bX
h?2 B/2 Q7 mbBM; F@K2M +Hmbi2`BM; M/ i?2 J`FQp KQ/2H +M #2 bi`B;?i7Q`r`/- #mi Bi Bb
+QKTmiiBQMHHv 2tT2MbBp2 M/ i?2`27Q`2 +MMQi #2 +QKTmi2/ BM `2H iBK2X h?2`27Q`2- i?2 >@
.J" KQ/2H 2KTHQvb i?2 HQQF@mT i#H2 iQ bp2 i?2 BM7Q`KiBQM +H+mHi2/ Q|BM2X Ai +QMiBMb i?2
MmK#2` Q7 bii2b- i?2 /m`iBQM Q7 2+? bii2 M/ i?2 #m`bi bBx2 Q7 2+? bii2X h?2 HQQF@mT i#H2
rBHH MQi +?M;2 /m`BM; i?2 QT2`iBQM Q7 i?2 MQ/2 bQ Bi +M #2 +QKTmi2/ Q|BM2 M/ 2K#2//2/
BMiQ i?2 MQ/2X h?2 /pMi;2 Q7 i?2 Q|BM2 KQ/2H Bb i?2 pBH#BHBiv Q7 H`;2 +?MM2H biiBbiB+b
M/ i?2 #BHBiv iQ 2KTHQv +QKTH2t H;Q`Bi?Kb bm+? b F@J2M +Hmbi2`BM; M/ i?2 J`FQp KQ/2H
iQ KQ/2H HQM; i2`K +?`+i2`BbiB+b Q7 i?2 +?MM2HX >Qr2p2`- i?2 /Bb/pMi;2 Bb i?i Bi `2+ib
TQQ`Hv iQ b?Q`i@i2`K HBMF [mHBiv ~m+imiBQM- b i?2 T`QTQb2/ b+?2K2 Bb QTiBKBb2/ 7Q` HQM; i2`K
HBMF [mHBiv ~m+imiBQMX JQ`2Qp2`- i?2`2 Bb MQ `2H@iBK2 722/#+F K2+?MBbK iQ +Q``2+i r`QM;
bii2 i`MbBiBQMbX







6B;m`2 8XR, M 1tKTH2 Q7 j aii2 J`FQp *?BMX
8Xk PMHBM2 GBMF 6Hm+imiBQM JQ/2H
Hi?Qm;? i?2 Q|BM2 KQ/2H `2~2+ib i?2 HQM; i2`K +?`+i2`BbiB+ Q7  HBMF- Bi 7BHb iQ /2H rBi?
b?Q`i@i2`K HBMF ~m+imiBQMbX aBM+2 i?2 bii2 i`MbBiBQM Bb  T`Q##BHBbiB+ T?2MQK2MQM- i?2 KQ/2H
Kv ;2M2`i2 2``QM2Qmb i`MbBiBQMb- Q` Bi Kv 7BH iQ ǳT2`+2Bp2Ǵ b?Q`i@i2`K T`QT2` i`MbBiBQMbX
h?2 +mKmHiBp2 2z2+i Q7 #Qi? +b2b Kv H2/ iQ  HBMF ~m+imiBQM T2`+2Bp2/ #v i?2 KQ/2H r?B+?
/Q2b MQi Q++m` BM `2HBivX h?Bb TQBMi Bb ?B;?HB;?i2/ #v M 2tKTH2 BM r?B+?  ;Bp2M HBMF mM/2`
Q#b2`piBQM Bb KQ/2HH2/ #v  i?`22@bii2 J`FQp +?BM rBi? i`MbBiBQM T`Q##BHBiB2bX h?Bb Bb
b?QrM BM };m`2 8XRX h?2 1a. M/ i?2 #m`bi bBx2 `2 +H+mHi2/ #v TTHvBM; 2[miBQM 9XR8
M/ i?2 `2bmHib `2 biQ`2/ BM i#H2 8XRX  /2iBH2/ TB+iQ`BH Qp2`pB2r Bb /2TB+i2/ BM };m`2 8Xk-
r?2`2- i iBK2 T - i?2 Q|BM2 KQ/2H ++m`i2Hv 2biBKi2b i?2 +?MM2H iQ #2 BM i?2 bii2 R
US14"/VX ++Q`/BM; iQ i#H2 8XR- i?2 HBMF [mHBiv b?QmH/ `2KBM BM i?2 bK2 bii2 7Q` M2ti 3
iBK2 bHQibX >Qr2p2` i?2 bii2 /m`iBQM /Bz2`b rBi? i?2 2tT2+i2/ bii2 /m`iBQM 2biBKi2/ #v
2[miBQM 9XR8X Ai Bb HbQ 2pB/2Mi 7`QK i?2 bK2 };m`2 i?i i?2 HBMF [mHBiv +?M;2b iQ bii2 k
US24AMi2`K2/Bi2V i iBK2 T +2 M/ iQ bii2 j US34:QQ/V i T +5- r?B+? +MMQi #2 /2i2+i2/
rBi? Qmi i?2 FMQrH2/;2 Q7 i?2 `2H@iBK2 +?MM2H 722/#+FX AM Q`/2` iQ bb2bb i?2 T`Q#H2K Q7
b?Q`i i2`K i`MbBiBQMb- M QMHBM2 KQ/2H Bb `2[mB`2/X h?2 KBM Tm`TQb2 Q7 i?Bb KQ/2H b?QmH/ #2
iQ }M2@imM2 Q` +HB#`i2 i?2 Qz@HBM2 KQ/2HX
6B;m`2 8Xj b?Qrb i?2 +QKTQM2Mib Q7 i?2 QMHBM2 KQ/2H- r?B+?- `2 /2TB+i2/ b  HQQF@mT i#H2
d9 *?Ti2` 8X M PMHBM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb
GBMF aii2 "m`bi aBx2 1a.
:QQ/ Ua3) Ry e
AMi2`K2/Bi2 Ua2) e 9
"/ Ua1) k 3
h#H2 8XR, 1tT2+i2/ aii2 .m`iBQM M/ "m`bi aBx2 Q7 .Bz2`2Mi aii2bX
S1 S1 S1 S1 S1 S1 S1 S1
S2 S2 S2
S3 S3 S3
T T+1 T+4 T+5 T+6 T+7T+3T+2
6B;m`2 8Xk,  b?Q`i i2`K bii2 i`MbBiBQM i?i Kv MQi #2 ǳT2`+2Bp2/Ǵ #v i?2 Q|BM2 KQ/2HX
h?2 Q`M;2 bii2b BM/B+i2 T`QT2` i`MbBiBQMb- i?2 HB;?i@;`2v bii2b BM/B+i2b +imH HBMF [mHBiv
bii2b- M/ i?2 /`F@;`2v bii2b BM/B+i2 i?2 2biBKi2/ HBMF [mHBiv bii2 #v i?2 Qz@HBM2 KQ/2HX
+QMiBMBM; i?2 bii2 i`MbBiBQM Ki`Bt ;2M2`i2/ #v i?2 Q|BM2 KQ/2H-  +?MM2H bii2 2biBKiQ`
2pHmiBM; i?2 HBMF [mHBiv K2i`B+ Q7 i?2 BM+QKBM; +FMQrH2/;2K2Mi T+F2ib M/ /2i2`KBMBM;
iQ r?B+? bii2 i?2 +m``2Mi HBMF [mHBiv #2HQM;b- M/ i?Bb K2i`B+ b2`p2b b  T`2/B+iQ` 2biBKiBM;
i?2 M2ti bii2 Q7  HBMF M/ i?2 MmK#2` Q7 T+F2ib i?i b?QmH/ #2 i`MbKBii2/ BM #m`biX
PM2 Q7 i?2 +?HH2M;2b Q7 `2HvBM; QM M QMHBM2 HBMF [mHBiv 2biBKiBQM K2+?MBbK Bb i?2 /B{+mHiv Q7
;i?2`BM; bm{+B2Mi biiBbiB+bX h?Bb Bb i?2 +b2 2bT2+BHHv 7Q` #/ M/ BMi2`K2/Bi2 bii2b- r?2`2
i?2 MmK#2` Q7 bm++2bb7mHHv /2HBp2`2/ T+F2ib Bb b+MiX h?mb iQ bBKTHB7v Kv QMHBM2 2biBKiBQM- 
K2i`B+ +HH2/ +QM/BiBQMH T`Q##BHBiv Q7 2tT2+i2/ bii2 /m`iBQM U*S1a.VR Bb /2}M2/X h?2 B/2
Bb b 7QHHQrb, bmTTQb2 i?2 2tT2+i2/ bii2 /m`iBQM 7Q`  #/ bii2 Bb 3X AM Qi?2` rQ`/b- QM+2
i?2 HBMF [mHBiv i`MbBib iQ  #/ bii2- Bi bivb i?2`2 7Q` i?2 M2ti 3 bii2 /m`iBQMb U`2+HH
i?i  bBM;H2 bii2 /m`iBQM 2[mHb i?2 iBK2 `2[mB`2/ iQ i`MbKBi Ry T+F2ibVX h?2 *S1a.
2tT`2bb2b i?2 T`Q##BHBiv i?i i?2 HBMF [mHBiv bivb b T`2/B+i2/ #v i?2 KQ/2H- bbmKBM; i?i
i?2 Tbi n bii2b r2`2 b 2biBKi2/ #v i?2 KQ/2HX 6B;m`2 8X9 /BbTHvb i?2 *S1a. Q7  #/
bii2 7Q` /Bz2`2Mi HBMFb 2bi#HBb?2/ Qmi/QQ`bX A7 i?2 HBMF bivb BM i?2 bK2 bii2 7Q` i H2bi
Rh?2 2bb2MiBH MQiBQM Bb }`bi T`QTQb2/ BM (G*Gyd) M/ /QTi2/ BM (aSy3) M/ (qE+RR)X
8XjX H;Q`Bi?K d8
i?`22 +QMb2+miBp2 bii2 /m`iBQMb- i?2 HBMF rBHH biv b T`2/B+i2/ #v i?2 Q|BM2 KQ/2H 7Q` Ĝ dyW
























6B;m`2 8Xj, h?2 avbi2K `+?Bi2+im`2 Q7 i?2 PMHBM2 GBMF ZmHBiv 1biBKiQ`X
8Xj H;Q`Bi?K
AM Q`/2` iQ BHHmbi`i2 i?2 7mM+iBQMHBiv Q7 i?2 QMHBM2 i`MbKBbbBQM b+?2K2-  HQQF@mT i#H2 Ui@
#H2 8XRV Bb }HH2/ rBi? /i Q#iBM2/ 7`QK i?2 Q|BM2 KQ/2H 7Q` QM2 Q7 Qm` HBMFbX AMBiBHHv UBM i?2
iBK2 bHQi T V- i?2 #m`bi i`MbKBbbBQM bi`i2;v i`MbKBib Ry T+F2ib BM bm++2bbBQM Ui?2 KtBKmK
MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM  bBM;H2 bii2VX "b2/ QM i?2 MmK#2` Q7 T+F2ib
bm++2bb7mHHv `2+2Bp2/ HQM; rBi? i?2 p2`;2 aL_ Q7 i?2 `2+2Bp2/ +FMQrH2/;2K2Mi T+F2ib- i?2
+?MM2H bii2 2biBKiQ` /2i2`KBM2b i?2 +m``2Mi HBMF [mHBiv bii2X A7 i?2 Qmi+QK2 Q7 +m``2Mi
HBMF [mHBiv bii2 Bb ;QQ/- i?2 HBMF [mHBiv `2KBMb BM i?2 bK2 bii2 7Q` i?2 M2ti e +QMb2+miBp2
iBK2 bHQib M/ i?2 QMHBM2 i`MbKBbbBQM b+?2K2 +QMiBMm2b iQ i`MbKBib Ry T+F2ib BM #m`bi BM
2+? bm#b2[m2Mi iBK2 bHQiX
*QMi``v iQ i?2 #Qp2 b+2M`BQ- B7 7i2` i?2 BMBiBH #m`bi i`MbKBbbBQM QMHv k T+F2ib `2 bm+@
+2bb7mHHv /2HBp2`2/- i?2M i?2 HBMF [mHBiv Bb BM i?2 #/ bii2X h?2 Q|BM2 bi`i2;v rQmH/ ?p2
QMHv i`MbKBii2/ k T+F2ib T2` bii2 /m`iBQM 7Q` i?2 M2ti 3 bii2 /m`iBQMb Ub b?QrM BM i@
#H2 8XRVX >Qr2p2`- i?Bb rQmH/ MQi +`2i2 bm{+B2Mi biiBbiB+b iQ /2i2`KBM2 i?2 b?Q`i@i2`K HBMF
[mHBiv ~m+imiBQM /m`BM; i?Bb iBK2X h?2`27Q`2- i?2 QMHBM2 i`MbKBbbBQM b+?2K2 +QMbB/2`b i?2





















6B;m`2 8X8, M PMHBM2 "m`bi h`MbKBbbBQM ai`i2;vX :, :QQ/ aii2- A, AMi2`K2/Bi2 aii2- ",
"/ aii2X
8XjX H;Q`Bi?K dd
HBMF [mHBiv Q7 bHQi T +1 b M BMi2`K2/Bi2 bii2 M/ b2M/b e T+F2ib BM #m`bi Ui?Bb Bb BM/B+i2/
BM 6B;X 8X8VX i i?Bb bi;2 B7 HH i?2 e T+F2ib `2 /2HBp2`2/ bm++2bb7mHHv- i?2 i`MbKBbbBQM b+?2K2
+QMbB/2`b i?2 HBMF [mHBiv b ;QQ/X Ai BM+`2b2b i?2 MmK#2` Q7 T+F2ib URy T+F2ibV iQ #2 b2Mi BM
#m`bi BM i?2 M2ti iBK2 bHQi UT + 2V UBM/B+i2/ #v i?2 ;`22M HBM2 BM 6B;X 8X8VX PM i?2 +QMi``v-
B7 k Q` H2bb T+F2ib `2 bm++2bb7mHHv /2HBp2`2/ bBKBH` iQ bHQi T + 1- i?2 HBMF [mHBiv Bb biBHH BM
 #/ bii2X >Qr2p2`- i?2 i`MbKBbbBQM b+?2K2 +QMiBMm2b iQ i`MbKBi e T+F2ib BM #m`bi iQ
;i?2` 2MQm;? biiBbiB+bX A7 i?2 aL_ Q7 i?2 `2+2Bp2/ +FMQrH2/;2K2Mi T+F2ib biBHH BM/B+i2b 
#/ bii2 HBMF BM i?2 iBK2 bHQi T + 2- i?2M ++Q`/BM; iQ *S1a.- i?2 HBMF ?b #22M BM i?2 #/
bii2 7Q` i?2 Tbi j bii2 /m`iBQMbX Ai rBHH `2KBM BM i?2 bK2 bii2 7Q` i?2 p2`;2 /m`iBQM
/2i2`KBM2/ #v i?2 Q|BM2 KQ/2H Ui?2 M2ti 8 bii2b 7Q` Qm` 2tKTH2VX >2M+2- Bi i`MbKBib QMHv
k bm++2bbBp2 T+F2ib BM i?2 M2ti 8 iBK2 bHQibX 7i2` T + 7- i?2 QMHBM2 b+?2K2 /2i2`KBM2b i?2
M2ti bii2 #b2/ QM i?2 +FMQrH2/;2/ T+F2ib 7Q` bii2 T + 7 M/ `2T2ib i?2 bK2 T`Q+2/m`2X
H;Q`Bi?K R bmKK`Bb2b i?Bb QMHBM2 i`MbKBbbBQM b+?2K2 r?2`2 OT `272`b iQ i?2 HBMF [mHBiv
bii2 7Q` i?2 iBK2 bHQi T c CPESDth `272`b iQ i?2 KBMBKmK MmK#2` Q7 bii2 /m`iBQMb r?B+?
`2bmHib BM CPESD ≥ 0.7 U7Q` Qm` +b2- CPESDth = 3Vc PT+1 Bb i?2 T`2/B+i2/ bii2 7Q` i?2 iBK2
bHQi T + 1- M/ Si Bb i?2 HBMF [mHBiv bii2- /2}M2/ b ;QQ/- BMi2`K2/Bi2- M/ #/ (q.Re)X
H;Q`Bi?K R h`MbKBbbBQM h2+?MB[m2
AMTmi,PT , CPESDth
PmiTmi,ST+1
BMBiBHBbiBQM,a3 = Good, S2 = Average, S1 = Bad
B7 PT =a3 i?2M
B7 PT == Si where, i =j i?2M





B7 Count < CPESDth i?2M
PT+1 ← Si−1
2Hb2






d3 *?Ti2` 8X M PMHBM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb
8X9 AKTH2K2MiiBQM M/ 1pHmiBQM
hQ 2pHmi2 i?2 T2`7Q`KM+2 Q7 i?2 T`QTQb2/ #m`bi i`MbKBbbBQM b+?2K2 U>@.J"V- Bi rBHH #2
2tT2`BK2MiHHv +QKT`2/ rBi? irQ bii2@Q7@i?2@`i b+?2K2bX PM2 Q7 i?2K Bb i?2 β@7+iQ` UQ`
bBKTHv βV- /2p2HQT2/ i aiM7Q`/ lMBp2`bBiv #v a`BMBpbM 2i HX (aSy3)X h?2 Qi?2` Bb
i?2 "m`biv GBMF 1biBKiQ` UJ*3V- /2p2HQT2/ i _qh> +?2M lMBp2`bBiv #v HBxB 2i HX
(qE+RR)X 6Q` 2tT2`BK2Mi Tm`TQb2b- HH i`MbKBbbBQM b+?2K2b `2 BKTH2K2Mi2/ M/ BMi2;`i2/
BMiQ i?2 hBMvPa 2MpB`QMK2Mi M/ i?2 h2HQb" THi7Q`K- 7QHHQr2/ #v /2THQvBM; JQ#BH# i2bi#2/
+QMbBbiBM; Q7 R9 MQ/2b BM M Qmi/QQ` 2MpB`QMK2MiX h?2b2 R9 MQ/2b `2 TH+2/ `M/QKHv F22TBM;
 KBMBKmK M/  KtBKmK /BbiM+2 Q7 Ry K M/ 98 K- `2bT2+iBp2Hv- #2ir22M i?2 MQ/2bX h?2
rB`2H2bb +?MM2H mb2/ 7Q` +QKKmMB+iBQM Bb +?MM2H ke rBi? /Bz2`2Mi _6 i`MbKBbbBQM TQr2`
H2p2Hb `M;BM; 7`QK i?2 KBMBKmK iQ i?2 KtBKmK UBX2X- H2p2Hb R iQ jRV 2bi#HBb?BM; }p2 /Bz2`2Mi
HBMFb 7Q` +QKKmMB+iBQM(q.Re)X
6Q` i?2 >@.J" KQ/2H UiQ 2bi#HBb? i?2 Q|BM2 biiBbiB+bV- k-yyy T+F2ib `2 i`MbKBii2/ BM 2+?
HBMF rBi? M AMi2` S+F2i AMi2`pH UASAV Q7 ky Kb M/ ;i?2`2/ 7`QK i?2 `2+2Bp2/ +FMQrH2/;2@
K2Mi T+F2ib _aaA- GZA- #+F;`QmM/ MQBb2- M/ iBK2biKTbX A /2i2`KBM2/ URV i?2 MmK#2`
Q7 /BbiBM+i HBMF [mHBiv bii2b 7Q` 2+? HBMF mbBM;  F@K2Mb +Hmbi2`BM; H;Q`Bi?Kc UkV i?2 HBMF
[mHBiv bii2 i`MbBiBQM T`Q##BHBiB2b- UjV i?2 2tT2+i2/ bi#H2 /m`iBQM 7Q` 2+? bii2 M/ U9V
i?2 2tT2+i2/ MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM #m`bi 7Q` 2+? bii2X h?2b2 HBMF
[mHBiv K2i`B+b `2 i?2M 2Mi2`2/ BMiQ  HQQF@mT i#H2 M/ ~b?2/ iQ i?2 MQ/2b iQ #2 `272``2/ iQ
/m`BM; QMHBM2 /TiiBQMX
AM +QMi`bi- i?2 β 7+iQ` /BpB/2b iBK2 BMiQ 8yy Kb bHQib M/ i`MbKBib T+F2ib BM #m`bi rBi?BM
i?2b2 bHQibX h?2 MmK#2` Q7 T+F2ib i?i +M #2 i`MbKBii2/ BM  bBM;H2 bHQi /2T2M/b QM i?2 ASAX
aQ r?2M i?2 ASA 4 ky- k8- 8y- M/ Ryy UKbV-  KtBKmK MmK#2` Q7 8y- 9y- ky- M/ Ry T+F2ib
+M #2 i`MbKBii2/ BM #m`bi rBi?BM 2+? bHQi- BM `2bT2+iBp2 Q`/2`X q?2M T+F2i i`MbKBbbBQM
7BHb UMQ +FMQrH2/;2K2Mi T+F2ib `2 `2+2Bp2/V- β ?Hib i`MbKBbbBQM 7Q` i?2 `2KBMBM; T2`BQ/
Q7 bHQi M/ `2bmK2b rBi? i?2 #m`bi i`MbKBbbBQM 7`QK #2;BMMBM; Q7 i?2 M2ti bHQiX
h?2 Qi?2` +QKT`2/ b+?2K2- MAC3- }`bi i`MbKBib Ryy T+F2ib BM #m`bi M/ mb2b i?2 ?BbiQ`v
Q7 i?2 +FMQrH2/;2K2Mi T+F2ib iQ /2i2`KBM2 i?2 bBx2 Q7 i?2 M2ti #m`bi i`MbKBbbBQMX 7i2`
2+? i`MbKBbbBQM T2`BQ/-  M2r +FMQrH2/;2K2Mi b2[m2M+2 Bb //2/ iQ i?2 HBMF ?BbiQ`vX
h?2 T2`7Q`KM+2 Q7 HH i?2 i?`22 i`MbKBbbBQM b+?2K2b Bb +QKT`2/ 7Q`  bBM;H2 ?QT HBMF mbBM;
8X9X AKTH2K2MiiBQM M/ 1pHmiBQM dN
h#H2 8Xk,  amKK`v Q7 S?vbB+H S`K2i2`b mb2/ iQ 1bi#HBb? i?2 GBMFbX
GBMFR GBMFk GBMFj GBMF9 GBMF8
/ UKV j8 R8 R8 Ry kk
S U/"KV y @Ry y @Ry @j
GQ+iBQM Qmi/QQ` Qmi/QQ` BM/QQ` BM/QQ` Qmi/QQ`
ASA UKbV k8 Ryy ky k8 8y
i?2 7QHHQrBM; K2i`B+b, URV i?`Qm;?Tmi, i?2 MmK#2` Q7 T+F2ib bm++2bb7mHHv +FMQrH2/;2/ T2`
b2+QM/- UkV i`MbKBbbBQM iBK2, i?2 iBK2 `2[mB`2/ iQ bm++2bb7mHHv i`MbKBi ǶMǶ T+F2ib- UjV
T+F2i HQbb, i?2 MmK#2` Q7 HQbi T+F2ib 7i2` i`MbKBiiBM; ǵMǶ MmK#2` Q7 T+F2ib- M/ U9V
2M2`;v +QMbmKTiBQM, i?2 2M2`;v +QMbmK2/ #v i`MbKBiiBM; MQ/2b iQ /2HBp2` ǵMǶ T+F2ib
bm++2bb7mHHvX h#H2 8Xk bmKK`Bb2b i?2 i`MbKBbbBQM T`K2i2`b Q7 2+? HBMFX
8X9XR h?`Qm;?Tmi
h?`Qm;?Tmi Bb M BKTQ`iMi 2pHmiBQM K2i`B+ BM rB`2H2bb b2MbQ` M2irQ`Fb- T`iB+mH`Hv 7Q` ;@
;`2;iBM; MQ/2b r?B+? `2 +HQb2` iQ  #b2 biiBQMX Ai `272`b iQ i?2 bT22/ rBi? r?B+?  MQ/2
bm++2bb7mHHv /2HBp2`b T+F2ib iQ Bib M2B;?#Qm`X AM Qi?2` rQ`/b- i?`Qm;?Tmi `272`b iQ i?2 MmK#2`
Q7 bm++2bb7mHHv +FMQrH2/;2/ T+F2ib T2` mMBi iBK2X 6B;m`2 8Xe +QKT`2b i?2 i?`Qm;?Tmi Q7 Qm`
b+?2K2 rBi? i?2 irQ QMHBM2 i`MbKBbbBQM b+?2K2b r?2`2 ky-yyy T+F2ib `2 i`MbKBii2/ Qp2`
2+? HBMF #v +QMbB/2`BM; /Bz2`2Mi ASAb- b /2b+`B#2/ BM i#H2 8XkX 1+? #` ;`T? `2T`2b2Mib
i?2 p2`;2 i?`Qm;?Tmi Q7 Ry `2T2i2/ 2tT2`BK2MibX AM HH +b2b- i?2 >@.J" KQ/2H ?b i?2
?B;?2bi i?`Qm;?TmiX h?2 `2bQM Bb i?i i?2 >@.J" KQ/2H /2Hb rBi? b?Q`i@i2`K HBMF [mHBiv
~m+imiBQMb #v `2/m+BM; i?2 #m`bi bBx2 r?2M i?2 HBMF [mHBiv /2i2`BQ`i2b M/ `2bmKBM; i`Mb@
KBbbBQM rBi? i?2 KtBKmK #m`bi bBx2 b bQQM b i?2 [mHBiv Q7 i?2 HBMFb BKT`Qp2bX >Qr2p2`- β
/Bz2`b i`MbKBbbBQM 7Q` }t2/ pHm2b b bQQM b Bi 2M+QmMi2`b  bBM;H2 T+F2i 7BHm`2 #mi `2;`/b
HH 7BHm`2b b bBKBH` 2p2M i?Qm;? i?2 mM/2`HvBM; +QM/BiBQMb `2 /Bz2`2MiX h?2 J*3 ?b i?2
HQM;2bi `2+iBp2 iBK2 7Q` b?Q`i@i2`K ~m+imiBQMb bBM+2 Bib ?BbiQ`v bBx2 Bb }t2/X JQ`2Qp2`- 2p2M
7Q`  HQM;2` Q#b2`piBQM T2`BQ/- i?2 2tT2+i2/ #m`bi bBx2 7Q` i?2 J*3 Bb +QKT`iBp2Hv bKHH
U#2ir22M e iQ Ry T+F2ib T2` #m`biVX .m2 iQ i?Bb bKHH #m`bi bBx2 i?2 ?BbiQ`v ``v ?QH/b Qmi@
/i2/ ?BbiQ`v M/- b  `2bmHi- i?2 7mim`2 #m`bi bBx2 Bb Q7i2M r`QM;Hv +H+mHi2/X h?2 i?`Qm;?Tmi
Q7 i?2 >@.J" KQ/2H Bb irB+2 b ?B;? b β M/ i?`22 iBK2b ?B;?2` i?M i?2 J*3 QM p2`;2X
3y *?Ti2` 8X M PMHBM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb






















6B;m`2 8Xe,  *QKT`BbQM Q7 i?2 h?`Qm;?Tmi Q7 i?2 h?`22 "m`bi h`MbKBbbBQM a+?2K2b 7Q`
.Bz2`2Mi qB`2H2bb GBMFbX
8X9Xk h`MbKBbbBQM hBK2
h`MbKBbbBQM iBK2 UQ` /2HvV Bb MQi?2` rv Q7 HQQFBM; i i?`Qm;?TmiX Ai `272`b iQ i?2 iBK2
`2[mB`2/ iQ bm++2bb7mHHv i`MbKBi  }t2/ MmK#2` Q7 T+F2ibX h?2 i2`K ǳbm++2bb7mHHvǴ BM/B+i2b
`2i`MbKBbbBQM Q7 HQbi T+F2ibX 6B;m`2 8Xd /BbTHvb i?2 iBK2 `2[mB`2/ iQ i`MbKBi 8yyy T+F2ib
bm++2bb7mHHv BM /Bz2`2Mi HBMFbX AM ++Q`/M+2 rBi? i?2 `2bmHib r2 Q#b2`p2/ 7Q` i?2 i?`Qm;?Tmi-
i?2 >@.J" KQ/2H T2`7Q`Kb #2ii2` i?M i?2 Qi?2`b BM HH i?2 HBMFbX h?2 i`MbKBbbBQM iBK2 Q7 i?2
>@.J" KQ/2H Bb `2/m+2/ QM p2`;2 #v ?H7 M/ i?`22 iBK2b BM +QKT`BbQM iQ i?2 i`MbKBbbBQM
iBK2 Q7 β M/ J*3- `2bT2+iBp2HvX h?2 /pMi;2 Q7 i?2 >@.J" Qp2` β M/ i?2 J*3 Bb Bib
#BHBiv iQ /2H rBi? #Qi? BbQHi2/ HQbb2b M/ HQbb2b BM #m`biX β +MMQi /Bz2`2MiBi2 #2ir22M
BbQHi2/ M/ +Q``2Hi2/ HQbb2b M/ #2?p2b BM  bBKBH` KMM2` rBi? `2;`/ iQ HH ivT2b Q7 HQbb2bX
h?Bb `2/m+2b i?2 T+F2i HQbb `i2 Qp2` i?2 2tT2Mb2 Q7 ?B;?2` i`MbKBbbBQM /2Hv b 2pB/2Mi 7`QK
i?2 };m`2 8XdX AM +QKT`BbQM- r?2M i`MbBiBQMBM; 7`QK #/ iQ ;QQ/ HBMF [mHBiv- i?2 J*3 ?b
i?2 ?B;?2bi i`MbKBbbBQM /2Hv /m2 iQ Bib bHQr `2bTQMb2 iBK2X
8X9Xj S+F2i GQbb2b
S+F2i HQbb `i2 Bb MQi?2` BKTQ`iMi K2i`B+ iQ +QKT`2 i?2 T2`7Q`KM+2 Q7 +QKKmMB+iBQM
T`QiQ+QHbX h?2 T+F2i HQbb `i2 Bb /B`2+iHv `2Hi2/ iQ i?2 `2i`MbKBbbBQM +Qbi b i?2 MmK#2` Q7
8X9X AKTH2K2MiiBQM M/ 1pHmiBQM 3R













6B;m`2 8Xd,  *QKT`BbQM Q7 i?2 hBK2 _2[mB`2/ iQ h`MbKBi 8yyy S+F2ib am++2bb7mHHvX GQbi
S+F2ib r2`2 _2i`MbKBii2/ mMiBH HH i?2 8yyy S+F2ib r2`2 am++2bb7mHHv h`MbKBii2/X
T+F2i HQbb BM+`2b2b i?2 `2@i`MbKBbbBQM +Qbi bBKmHiM2QmbHvX 6B;m`2 8X3 +QKT`2b i?2 T2`+2Mi@
;2 Q7 T+F2ib HQbi /m`BM; i?2 i`MbKBbbBQM Q7 8yyy T+F2ib Qp2` /Bz2`2Mi HBMFbX b +M #2 b22M-
i?2 J*3 ?b i?2 ?B;?2bi T2`+2Mi;2 Q7 T+F2i HQbb2b /m2 iQ Bib bHQr `2+iBQM iQ HBMF [mHBiv
~m+imiBQMb TT`2MiHv b  `2bmHi Q7 7+BM; /B{+mHiv BM /2i2`KBMBM; i?2 bmBi#H2 #m`bi bBx2X β
?b i?2 HQr2bi T+F2i HQbb2b BM +QKT`BbQM iQ Qi?2` b+?2K2b #2+mb2 Q7 Bib ;;`2bbBp2 Mim`2 BM
/2HBM; rBi? HBMF HQbb2b #v ?HiBM; T+F2i i`MbKBbbBQM mTQM bBM;H2 T+F2i 7BHm`2X h?2 >@.J"
KQ/2H 2t?B#Bib  9 iQ Ry T2`+2Mi ?B;?2` T+F2i HQbb BM +QKT`BbQM iQ β- b Bi /Q2b MQi ?Hi
T+F2i i`MbKBbbBQM QM  bBM;H2 7BHm`2- r?B+? `2bmHib BM b2T`iBM; i?2 BbQHi2/ T+F2i HQbb 7`QK
i?2 #m`bi HQbb2bX q?2M i?2 [mHBiv Q7 i?2 HBMF /2i2`BQ`i2b- }`bi i?2 >@.J" KQ/2H /Q2b MQi
?Hi i?2 T+F2i i`MbKBbbBQM BKK2/Bi2Hv BMbi2/- i?2 KQ/2H +QMbB/2`b Bi b  b?Q`i@i2`K HBMF
~m+imiBQM M/ b2+QM/- `2/m+2b i?2 #m`bi bBx2 7Q` i?2 T2`BQ/ Q7 i?2 *S1a. i?`2b?QH/ pHm2X A7
i?2 HBMF [mHBiv /Q2b MQi `2im`M #+F iQ  ;QQ/ bii2 /m`BM; i?Bb T2`BQ/- i?2M T+F2i i`MbKBb@
bBQM Bb ?Hi2/X h?Bb bi`i2;v BM+`2b2b i?`Qm;?Tmi M/ i`MbKBbbBQM /2Hv b 2pB/2Mi 7`QK i?2
2pHmiBQM `2bmHibX Ai HbQ BM+`2b2b i?2 T+F2i HQbb `i2X
8X9X9 1M2`;v *QMbmKTiBQM
AM Q`/2` iQ K2bm`2 i?2 KQmMi Q7 2M2`;v +QMbmK2/ #v i?2 i`MbKBiiBM; MQ/2b- i?2 rB`2H2bb
b2MbQ` M2irQ`F Bb /2THQv2/ BM  H# 2MpB`QMK2Mi M/ i?2 uQFQ;r /B;BiH TQr2` MHvb2`
3k *?Ti2` 8X M PMHBM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb






















6B;m`2 8X3,  *QKT`BbQM Q7 i?2 S2`+2Mi;2 Q7 S+F2ib GQbi .m`BM; i?2 h`MbKBbbBQM Q7 8yyy
S+F2ib rBi? i?2 h?`22 "m`bi h`MbKBbbBQM a+?2K2bX
UqhkRyV Bb mb2/X HH i`MbKBbbBQM b+?2K2b mb2 i?2 bK2 +QM};m`iBQM M/ b?QmH/ /2HBp2` kyyy
T+F2ib bm++2bb7mHHv UBX2X- HQbi T+F2ib `2 `2i`MbKBii2/VX h?2 TQr2` MHvb2` +M bmTTQ`i i?2
KtBKmK bKTHBM; `i2 Q7 Ry bKTH2b T2` b2+QM/- BX2X-  KBMBKmK Q7 Ryy Kb BMi2`pH #2ir22M
2+? bKTH2X h?2`27Q`2- BM Q`/2` iQ Ki+? i?2 TQr2` bKTHBM; 7`2[m2M+v rBi? i?2 TQr2` +QM@
bmKTiBQM Q7 i?2 i`MbKBiiBM; MQ/2b- i?2 BMi2`@T+F2i@BMi2`pH Bb b2i iQ Ryy KbX 6B;m`2 8XN b?Qrb
i?2 +imH 2M2`;v +QMbmKTiBQM BM riib@?Qm`X h?2 h2HQb" MQ/2b +QMbmK2 yXy88 riib Q7 2M2`;v
iQ i`MbKBi  bBM;H2 T+F2iX h?2 i`MbKBbbBQM b+?2K2 rBi? i?2 ?B;?2bi +QMbmKTiBQM Q7 2M2`;v
rb i?2 J*3 #2+mb2 Q7 i?2 7+i i?i Bi ?/ i?2 ?B;?2bi MmK#2` Q7 T+F2ib `2i`MbKBii2/
`2bmHiBM; BM  T`QHQM;2/ i`MbKBbbBQM iBK2X h?2 M2ti b+?2K2 r?B+? +QMbmK2b ?B;? TQr2` Bb β-
#2+mb2 Bi ?b  HQM;2` i`MbKBbbBQM /2Hv BM +QKT`BbQM iQ i?2 >@.J" KQ/2HX h?Bb 2p2MimHHv
F22T i?2 `/BQ +iBp2 7Q`  HQM;2` /m`iBQM Q7 iBK2X h?2 >@.J" KQ/2H +QMbmK2/ i?2 H2bi
KQmMi Q7 2M2`;v BM HH i?2 HBMFb /m2 iQ i?2 7+i i?i Bi ?/ i?2 ?B;?2bi i?`Qm;?Tmi M/ HQr2bi
i`MbKBbbBQM /2HvX
8X8 amKK`v
h?Bb +?Ti2` T`QTQb2b  ?v#`B/ #m`bi i`MbKBbbBQM b+?2K2 >@.J" 7Q` i?2 A111 3ykXR8X9 rB`2@
H2bb HBMF iQ 2M#H2  `2HiBp2Hv ?B;?2` i?`Qm;?TmiX AM Q`/2` iQ /2H rBi? HBMF [mHBiv ~m+imiBQMb
8X8X amKK`v 3j
















6B;m`2 8XN,  *QKT`BbQM Q7 i?2 1M2`;v *QMbmKTiBQM Q7 i?2 h?`22 h`MbKBbbBQM a+?2K2b
r?2M am++2bb7mHHv .2HBp2`BM; kyyy S+F2ib BM M AM/QQ` 1MpB`QMK2Mi UG# a2iiBM;VX
M/ `2/m+2 T+F2i HQbb2b- i?2 >@.J" TT`Q+? +QK#BM2b Q|BM2 M/ QMHBM2 KQ/2HbX h?2 Q7@
~BM2 KQ/2H Bb  irQ@bi;2 J`FQp KQ/2H r?B+? +HbbB}2b HBMF [mHBiv ~m+imiBQMb BMiQ /Bz2`2Mi
HBMF bii2b M/ bbQ+Bi2b i`MbBiBQM T`Q##BHBiB2b iQ i?2b2 bii2bX 6m`i?2`KQ`2- mbBM; i?2b2
i`MbBiBQM T`Q##BHBiB2b Bi 2biBKi2b i?2 2tT2+i2/ /m`iBQM Q7 2+? HBMF bii2 M/ i?2 2tT2+i2/
MmK#2` Q7 T+F2ib iQ #2 i`MbKBii2/ BM #m`bi BM 2+? bii2X h?Bb Q|BM2 KQ/2H Bb QTiBKH BM
+?`+i2`BbBM; HQM;@i2`K HBMF [mHBiv ~m+imiBQMbX Ai Bb ?Qr2p2` mM#H2 iQ /2H rBi? b?Q`i@i2`K
HBMF ~m+imiBQMbX h?2 QMHBM2 KQ/2H- QM i?2 Qi?2` ?M/- ǳT2`+2Bp2bǴ b?Q`i@i2`K HBMF [mHBiv ~m+@
imiBQMb M/ ii2KTib iQ KF2 TT`QT`Bi2 i`MbBiBQMbX *QMb2[m2MiHv- i?2 BMi2;`iBQM Q7 #Qi?
KQ/2Hb BMiQ  mMB}2/ i`MbKBbbBQM b+?2K2 2M#H2b Bi iQ /2H rBi? #Qi? b?Q`i@ M/ HQM;@i2`K
HBMF [mHBiv ~m+imiBQMbX
h?2 >@.J" TT`Q+? M/ irQ //BiBQMH bii2@Q7@i?2@`i #m`bi i`MbKBbbBQM b+?2K2b Uβ M/
J*3V `2 BKTH2K2Mi2/ M/ BMi2;`i2/ BMiQ i?2 hBMvPa 2MpB`QMK2Mi 7Q` i?2 h2HQb" THi7Q`KX
q2 /2THQv2/  rB`2H2bb b2MbQ` M2irQ`F +QMbBbiBM; Q7 R9 h2HQb" MQ/2b BM BM/QQ` M/ Qmi/QQ`
2MpB`QMK2Mib M/ 2tT2`BK2MiHHv +QKT`2/ i?2 T2`7Q`KM+2 Q7 i?2 i?`22 i`MbKBbbBQM b+?2K2b
BM i2`Kb Q7 i?`Qm;?Tmi- #mHF i`MbKBbbBQM /2Hv- T+F2i HQbb- M/ 2M2`;v +QMbmKTiBQMX h?2
>@.J" TT`Q+? `2bmHi2/ BM ?pBM; i?2 ?B;?2bi i?`Qm;?Tmi- i?2 b?Q`i2bi i`MbKBbbBQM /2Hv-
M/ i?2 H2bi KQmMi Q7 2M2`;v +QMbmKTiBQM- #mi β T`Qp2/ iQ ?p2 i?2 H2bi T+F2i HQbb r?BH2
i?2 T2`7Q`KM+2 Q7 J*3 rb i?2 rQ`bi BM i2`Kb Q7 HH i?2 K2i`B+b /2}M2/ BM i?Bb i?2bBbX h?2
J*3 ?/  bHQr `2+iBQM iBK2 M/ /B{+mHiv BM Q#iBMBM; i?2 QTiBKH #m`bi bBx2 bmBi#H2 7Q`
39 *?Ti2` 8X M PMHBM2 GBMF ZmHBiv 1biBKiBQM JQ/2H 7Q` qaLb
i?2 +m``2Mi HBMF [mHBiv ?2M+2 z2+iBM; Bib T2`7Q`KM+2 BKK2Mb2HvX >Qr2p2`- i?2 T2`7Q`KM+2
Q7 i?2 J*3 +M #2 BKT`Qp2/ #v mbBM; M /TiBp2 ?BbiQ`v bBx2 Qp2`  }t2/ ?BbiQ`v bBx2 M/
#v /2}MBM;  M2r K2i`B+ iQ +H+mHi2 i?2 T+F2i ?Hi /m`iBQMX aBKBH`Hv- i?2 T2`7Q`KM+2 Q7
i?2 β b+?2K2 +M HbQ #2 BKT`Qp2/ #v }M/BM; M QTiBKH MmK#2` Q7 T+F2ib `2[mB`2/ iQ #2
`2@i`MbKBii2/ #27Q`2 ?HiBM;  T+F2i i`MbKBbbBQMX 6m`i?2`KQ`2- /2}MBM; β `2[mB`2b  H`;2
/i b2i KFBM; i?Bb K2i`B+ mMbmBi#H2 7Q` QMHBM2 TT`Q+?2b- ;Bp2M i?i BM `2H@iBK2 b2MbQ`
MQ/2b ?p2 HBKBi2/ pBH#H2 K2KQ`vX GbiHv- i?2 T2`7Q`KM+2 Q7 i?2 >@.J" KQ/2H +M HbQ
#2 BKT`Qp2/ #v mT/iBM; i?2 HQQF@mT i#H2 BM `2H@iBK2X *m``2MiHv- i?2 >@.J" +?`+i2`Bb2b
+?MM2H BM  T`2@/2THQvK2Mi T?b2 M/ biQ`2b i?2 `2bmHi BM  HQQF@mT i#H2 r?B+? ?b MQ mT/i2
K2+?MBbKX h?2`27Q`2- b i?2 /2THQvK2Mi 2MpB`QMK2Mi +?M;2b i?2 pHm2b BM i?2 HQQF@mT i#H2
#2+QK2b Q#bQH2i2X
HH i?2 i`MbKBbbBQM b+?2K2b T`QTQb2/ mMiBH MQr MK2Hv *S"- .J"- M/ >@.J" `2 /2bB;M2/
M/ /2p2HQT2/ 7Q` biiB+ rB`2H2bb b2MbQ` M2irQ`Fb M/ /Q2b MQi iF2 BMiQ ++QmMi i?2 KQ#BHBiv Q7
rB`2H2bb MQ/2bX JQ#BHBiv THvb  F2v `QH2 BM KMv TTHB+iBQMbX AM ?2Hi?+`2- r?2`2 #BQK2/B+H
b2MbQ`b `2 ii+?2/ iQ i?2 ?mKM #Q/v iQ KQMBiQ` pBiH T`K2i2`bc BM MBKH KQMBiQ`BM;
b2MbQ` MQ/2b #2BM; ii+?2/ iQ MBKHb iQ KQMBiQ` i?2B` KQp2K2Mi Tii2`Mb M/ T`Q/m+iBQMc BM
bK`i +`b i?2v `2 2K#2//2/ BM +`b 7Q` p2?B+H2@iQ@p2?B+H2 +QKKmMB+iBQMX h?2 M2ti +?Ti2`
/Bb+mbb2b i?2 HBMF [mHBiv ~m+imiBQM BMi`Q/m+2/ #v KQ#BH2 MQ/2b M/ T`QTQb2b  /2bB;M Q7 M
2{+B2Mi i`MbKBbbBQM b+?2K2 #v KQ/2HHBM; i?2 mM/2`HvBM; HBMF [mHBiv ~m+imiBQMbX
*?Ti2` e
 GBMF ZmHBiv 1biBKiBQM JQ/2H iQ
amTTQ`i JQ#BH2 LQ/2b BM qaLb
h?Bb +?Ti2` T`QTQb2b M 2biBKiBQM KQ/2H 7Q` HBMF [mHBiv ~m+imiBQM Q7 KQ#BH2 b2MbQ` MQ/2bX
qB`2H2bb b2MbQ` M2irQ`Fb bmTTQ`iBM; KQ#BH2 MQ/2b M/ TTHB+iBQMb r?B+? `2[mB`2 ?B;? i?`Qm;?@
Tmi +M #2M2}i 7`QK #mHF /i i`Mb72` T`QiQ+QHbX lMHBF2 +QMp2MiBQMH K2/BmK ++2bb +QMi`QH
T`QiQ+QHb- r?B+? 7Q`+2 2+? +QKT2iBM; MQ/2 iQ +QMi2M/ 7Q` 2+? T+F2i Bi i`MbKBib- #mHF /i
i`MbKBbbBQM 2M#H2b  MQ/2 iQ mb2  +?MM2H 2t+HmbBp2Hv 7Q` i`Mb72` Q7  H`;2 KQmMi Q7 /i
BM bm++2bbBQMX 1tBbiBM; Q` T`2pBQmbHv T`QTQb2/ J* T`QiQ+QHb i?i bmTTQ`i #mHF@/i i`Mb@
KBbbBQM- ?Qr2p2`- `2 mM`2bTQMbBp2 iQ HBMF [mHBiv ~m+imiBQMX LQ/2b KF2 `2T2i2/ ii2KTib
iQ `2i`MbKBi HQbi T+F2ib 2p2M r?2M i?2 biiBbiB+b Q7 i?2 `2+2Bp2/ T+F2ib bm;;2bi i?i i?2
+?MM2H Bb biBHH #/ Q` i?i T+F2i i`MbKBbbBQM rBHH #2 /272``2/ `#Bi``BHv 2p2M i?Qm;? T+F2i
HQbb Bb M BbQHi2/ M/ mM+Q``2Hi2/ Q++m``2M+2X
L2p2`i?2H2bb- #mHF /i i`MbKBbbBQM HQM2 +MMQi #2 M /2[mi2 bQHmiBQM B7 i?2 mM/2`HvBM;
HBMF Bb MQi bi#H2- b i?Bb rBHH H2/ iQ rbiBM; H`2/v b+`+2 `2bQm`+2bX h?Bb b?Q`i+QKBM; rb
}`bi //`2bb2/ #v .m[m2MMQv 2i HX (9)- r?Q T`QTQb2/  ;2M2`B+ ǳ#m`bi 7Q`r`/BM;Ǵ U"6V
i2+?MB[m2 r?B+? URV mb2b `/BQ /miv@+v+HBM; iQ Qp2`+QK2 i?2 T2`BQ/ Q7 #/ HBMF [mHBiv M/ UkV
T`QpB/2b ?B;? i?`Qm;?Tmi #v mbBM; KmHiBTH2 +?MM2Hb b QTTQb2/ iQ  bBM;H2 +?MM2H iQ pQB/
BMi2` M/ BMi` Ti? BMi2`72`2M+2bX >Qr2p2`- i?2 T`QTQb2/ TT`Q+? 2KTHQvb *aJ i2+?MB[m2
rBi? 2tTQM2MiBH #+F@Qz iQ `2/m+2 i?2 MmK#2` Q7 `2i`MbKBbbBQMb Q7 HQbi T+F2ibX 1tTQM2MiBH
#+F@Qz- mM7Q`imMi2Hv- Bb BM2{+B2Mi BM rB`2H2bb b2MbQ` M2irQ`Fb r?2M KQ#BH2 MQ/2b `2 BMpQHp2/
38
3e *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
M/ r?2M i?2 MQ/2b `2 bm#D2+i iQ ?B;? BMi2`72`2M+2X
AM KQ#BH2 rB`2H2bb b2MbQ` M2irQ`Fb UJqaLbV- i?2 HBMF [mHBiv ~m+imi2b KQ`2 `TB/Hv BM +QK@
T`BbQM iQ biiB+ /2THQvK2Mi /m2 iQ +?M;BM; 2MpB`QMK2Mi- Ti?@HQbb- 7/BM;- i?2 .QTTH2` 2z2+i
M/ b?/QrBM;X PM2 Q7 i?2 7Q`KB/#H2 +?HH2M;2b BM  KQ#BH2 b+2M`BQ Bb iQ /2H rBi? BKTmH@
bBp2Hv +?M;BM; #m`biv HBMFbX Ai Bb 2pB/2Mi 7`QK i?2 2KTB`B+H bim/v U*?Ti2` jV i?i BM  KQ#BH2
b+2M`BQ- i?2 T2`+2Mi;2 Q7 BMi2`K2/Bi2 HBMFb Bb ?B;?2` i?M i?2 biiB+ b+2M`BQ b i?2 i`Mb@
KBbbBQM bm++2bb `i2 ~m+imi2b bi`QM;Hv Qp2`  b?Q`i T2`BQ/ Q7 iBK2X HbQ- ~m+imiBQM Q7 i?2
HBMF [mHBiv /2T2M/b QM i?2 MQ/2 KQp2K2Mi- bT22/- M/ /B`2+iBQMX h?Bb Bb  `M/QK T`Q+2bb
M/ +MMQi #2 `2;`/2/ b biiBQM`v b bbmK2/ BM i?2 +b2 Q7 biiB+ b+2M`BQX h?Bb H2/ iQ
i?2 +QM+HmbBQM i?i M QMHBM2 HBMF [mHBiv 2biBKiQ` r?B+? /Tib iQ i?2 b?Q`i@i2`K HBMF [mHBiv
~m+imiBQMb BM `2H iBK2 Bb  T`2@`2[mBbBi2 BM  KQ#BH2 2MpB`QMK2Mi iQ +?B2p2 ?B;? i?`Qm;?Tmi
r?BH2 KBMiBMBM; HQr TQr2` +QMbmKTiBQMX
eXR TT`Q+?
AM Q`/2` iQ KQiBpi2 Qm` T`QTQbH- +QMbB/2` };m`2X eXRX amTTQb2 i?2 [mHBiv Q7  ;Bp2M rB`2H2bb
HBMF Bb /2b+`B#2/ b b?QrM BM i?2 };m`2 UiQTVX h?2 i?`2b?QH/ HBM2 Bb /`rM iQ bm;;2bi i?i T+F2ib
rBi?  HBMF [mHBiv K2i`B+ #2HQr i?Bb i?`2b?QH/ rBHH MQi #2 /2HBp2`2/ bm++2bb7mHHvX A7  i`MbKBii2`
?b i?Bb BM7Q`KiBQM  T`BQ`B- Bi rBHH biQT i`MbKBiiBM; 2t+iHv #27Q`2 i?2 HBMF [mHBiv 7HHb #2HQr
i?2 i?`2b?QH/ HBM2X Ai rBHH `2bmK2 i`MbKBbbBQM r?2M Bi `Bb2b #Qp2 i?2 i?`2b?QH/ HBM2X "mi i?Bb
BM7Q`KiBQM Bb ?`/ iQ Q#iBM  T`BQ`BX PM2 Q7 i?2 T`QTQb2/ TT`Q+?2b BM i?2 HBi2`im`2- i?2
β@7+iQ`- bmbT2M/b i`MbKBbbBQM mTQM  bBM;H2 T+F2i 7BHm`2 Ub?QrM BM i?2 };m`2X eXRUVV 7Q` 
bT2+B}+ KQmMi Q7 iBK2- i?2M Bi `2bmK2b #m`bi i`MbKBbbBQMX A7- mTQM `2bmKBM; i?2 i`D2+iQ`v-
i?2 T+F2i Bb biBHH HQbi- i?2 b+?2K2 bmbT2M/b i`MbKBbbBQM QM+2 ;BM 7Q` i?2 bK2 /m`iBQMX
.m`BM; bmbT2MbBQM- i?2 `/BQ Bb im`M2/ Qz iQ bp2 2M2`;vX h?2 bmbT2MbBQM T2`BQ/ Bb /2i2`KBM2/
2KTB`B+HHvX h?2 b2+QM/ TT`Q+?- Smb?#+F- HbQ bmbT2M/b T+F2i i`MbKBbbBQM QM  bBM;H2
7BHm`2 Ub?QrM BM i?2 };m`2X eXRU#VVX >Qr2p2`- mMHBF2 i?2 β@7+iQ` Bi +H+mHi2b i?2 /m`iBQM Q7
i?2 ?Hi T2`BQ/ QMHBM2 #v +QK#BMBM; `2H@iBK2 +?MM2H 722/#+F rBi? Q|BM2 KQ/2H #v mbBM; 
HQQF@mT i#H2X h?2 i?B`/ TT`Q+?- #m`bi 7Q`r`/BM;- /Q2b MQi bmbT2M/ i`MbKBbbBQM mTQM 
bBM;H2 T+F2i 7BHm`2 Ub?QrM BM i?2 };m`2X eXRU+VVX AMbi2/- Bi ii2KTib iQ `2i`MbKBi i?2 HQbi
T+F2ib- #mi B7 i?2 ii2KTi Bb MQi bm++2bb7mH 7Q` i?2 n@i? iBK2- Bi T2`7Q`Kb  `M/QK #+F@Qz
eXkX GBMF ZmHBiv J2i`B+b 3d
D DD D D D D
D D D D D D D D D
D D
D D D D
Sleep: CSMA 
backoff
D D D D D D D D D D
Sleep for PT



















6B;m`2 eXR,  *QKT`BbQM Q7 .Bz2`2Mi "m`bi h`MbKBbbBQM ai`i2;B2b Uβ@7+iQ`- Smb?#+F- "6
M/ "hV iQ .2H rBi? 6`2[m2Mi GBMF ZmHBiv 6Hm+imiBQMbX
#27Q`2 Bi ii2KTib iQ `2bmK2 i`MbKBbbBQMX A7 Bi biBHH 2tT2`B2M+2b 7BHm`2- Bi BM+`2b2b i?2 #+F@Qz
rBM/Qr 2tTQM2MiBHHv M/ T2`7Q`Kb  `M/QK #+F@Qz QM+2 ;BMX
 KQ`2 2{+B2Mi TT`Q+? rQmH/ #2 iQ `2Hv QM i?2 biiBbiB+b Q7 BM+QKBM; *E T+F2ib BM Q`/2`
iQ /2i2`KBM2 i?2 2tT2+i2/ /m`iBQMb Q7 ;QQ/ M/ #/ bii2bX AM biiB+ /2THQvK2Mi- i?2 HBMF
[mHBiv ~m+imiBQM biiBbiB+b +M #2 `2;`/2/ b biiBQM`v BM  rB/2 b2Mb2- BM r?B+? +b2- Bi Bb
bm{+B2Mi iQ i`MbKBi  H`;2 MmK#2` Q7 T+F2ib i QM+2- 2bi#HBb? i?2 biiBbiB+b Q|BM2- /2i2`KBM2
i?2 2tT2+i2/ /m`iBQMb Q7 i?2 ;QQ/ M/ #/ bii2b- M/ mb2 i?Bb FMQrH2/;2 iQ b+?2/mH2 T+F2i
i`MbKBbbBQM M/ bH22T iBK2b (q.R8- wC.qR8#)X h?2 biiBbiB+b +M #2 `27`2b?2/ i `mMiBK2
#v 2pHmiBM; i?2 HBMF [mHBiv K2i`B+b Q7 `2+2Bp2/ *E T+F2ib (q.Re)X h?2 T`QTQb2/ b+?2K2
BM i?Bb +?Ti2` MK2Hv "h (wqRd) Ub?QrM BM i?2 };m`2X eXRU/VV 2biBKi2 i?2 /m`iBQM Q7 ;QQ/
M/ #/ bii2 #v iFBM; `2H@iBK2 +?MM2H 722/#+FX Ai /Q2b MQi ?Hi T+F2i i`MbKBbbBQM QM
bBM;H2 Q` KmHiBTH2 T+F2i HQbb2bX
eXk GBMF ZmHBiv J2i`B+b
q?2M  i`MbKBiiBM; MQ/2 Bb KQ#BH2 UbbmKBM; i?i i?2 T`2/QKBMMi i`{+ ~Qr Bb 7`QK i?2
KQ#BH2 MQ/2 iQ  biiB+ `2Hv MQ/2V- i?2 HBMF [mHBiv ~m+imiBQM +MMQi #2 `2;`/2/ b biiBQM`vX
6m`i?2`KQ`2- i?2 biiBbiB+b 2bi#HBb?2/ Q|BM2 Kv MQi ++m`i2Hv `2T`2b2Mi i?2 +m``2Mi HBMF
[mHBiv ~m+imiBQM- bBM+2 Bi Bb BKTQbbB#H2 iQ ++m`i2Hv 2KmHi2 Q` `2T`Q/m+2 KQp2K2Mi Tii2`MbX
33 *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
>2M+2- i?2 /m`iBQM Q7 ;QQ/ M/ #/ bii2b b?QmH/ #2 2biBKi2/ QMHBM2X 6Q`imMi2Hv- +QKT`2/
iQ i?2 bT22/ Q7 i?2 KQ#BH2 MQ/2 UB7 i?2 KQ#BH2 MQ/2 Bb +``B2/ #v  ?mKM #2BM;V- i?2 T+F2i
i`MbKBbbBQM `i2 Bb ?B;?2`X AM 7+i- Bi Bb ?B;? 2MQm;?- i?i Bi Bb TQbbB#H2 iQ ;i?2` bm{+B2Mi
biiBbiB+b M/ iQ T`2/B+i rBi? Bi i?2 b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMX 6Q` 2tKTH2- rBi? 
/i `i2 Q7 k8y FT#b-  T+F2i bBx2 Q7 k3 #vi2- M/ M AMi2`@S+F2i@AMi2`pH UASAV Q7 Ry Kb-
TT`QtBKi2Hv Nk T+F2ib +M #2 i`MbKBii2/ BM  b2+QM/X A7 r2 bbmK2 i?i i?2 T2`bQM KQp2b
i j FKT? M/ R K +Q``2bTQM/b iQ QM2 bi2T- i?2M i?2 KQ#BH2 i`MbKBii2` +M i`MbKBi Nk
T+F2ib #27Q`2 i?2 T2`bQM KF2b  bBM;H2 bi2T UQ` i`p2Hb yX3 KVX
amTTQb2 i?2 KQ#BH2 MQ/2 i`MbKBib Ryy T+F2ib BM #m`bi- bQK2 Q7 r?B+? Kv 7BH iQ ;2i /2HBp2`2/
bm++2bb7mHHv /m2 iQ  #/ HBMFX amTTQb2 Bi HbQ- +QHH2+ib *E T+F2ibX 6`QK i?2 b2[m2M+2 Q7
i?2 *E T+F2ib- Bi Bb TQbbB#H2 iQ /2i2`KBM2 i?2 T`Q##BHBiv Q7 bm++2bb7mHHv i`MbKBiiBM; n
MmK#2` Q7 T+F2ib BM bm++2bbBQMX aBKBH`Hv- Bi Bb TQbbB#H2 iQ /2i2`KBM2 i?2 T`Q##BHBiv Q7 HQbBM;
m MmK#2` Q7 T+F2ib BM bm++2bbBQMX h?2 2tT2+i2/ MmK#2` Q7 T+F2ib r?B+? +M #2 i`MbKBii2/






r?2`2 pn Bb i?2 T`Q##BHBiv Q7 bm++2bb7mHHv i`MbKBiiBM; n MmK#2` Q7 T+F2ib BM bm++2bbBQMX
GBF2rBb2- i?2 2tT2+i2/ MmK#2` Q7 T+F2ib r?B+? +M #2 HQbi BM bm++2bbBQM /2b+`B#2b i?2 2tT2+i2/





r?2`2 pm Bb i?2 T`Q##BHBiv Q7 HQbBM; m MmK#2` Q7 T+F2ib BM bm++2bbBQMX aBM+2 r2 ?p2 +HBK2/
i?i i?2 HBMF [mHBiv Q7  KQ#BH2 HBMF Bb MQi biiBQM`v- biiBbiB+HHv bT2FBM;- i?2 [mHBiv Q7
i?2 T`2/B+iBQM r2 KF2 rBi? 2[miBQMb eXR M/ eXk /2T2M/ QM i?2 ?BbiQ`v /i M/ ?Qr r2HH
i?2v `2T`2b2Mi i?2 +m``2Mi bii2 Q7 i?2 HBMFX  }t2/ ?BbiQ`v bBx2 rBi?  bHB/BM; rBM/Qr +M
#2 mb2/ iQ mT/i2 HBMF [mHBiv biiBbiB+b- #mi i?Bb TT`Q+? Bb BM~2tB#H2X 6Q` 2tKTH2- bmTTQb2
i?i 7i2` i?2 i`MbKBbbBQM Q7 Ryy T+F2ib- r2 /2i2`KBM2/ i?i ; = 10 M/ b = 6X AM Qi?2`
rQ`/b- i?2 KQ#BH2 MQ/2 i`MbKBib Ry T+F2ib BM #m`bi M/ bH22Tb 7Q` i?2 /m`iBQM Bi `2[mB`2b
eXjX /TiBp2 >BbiQ`v aBx2 3N
iQ i`MbKBi e T+F2ibX A7 7i2` i`MbKBiiBM; i?2 Ry T+F2ib N Q7 i?2K `2 +FMQrH2/;2/- i?i
K2Mb Qm` T`2/B+iBQM rb ++m`i2X "h H2p2b i?2 ?BbiQ`v bBx2 BMi+iX A7- QM i?2 Qi?2` ?M/-
i?2 i`MbKBii2` `2+2Bp2b QMHv 9 *E T+F2ib BMbi2/ Q7 Ry- i?Bb b?Qrb i?i Qm` T`2/B+iBQM rb
BM++m`i2X >2M+2- 7Q` i?2 M2ti T`2/B+iBQM `QmM/- i?2 KQbi `2+2Mi biiBbiB+b `2 KQ`2 BKTQ`iMi
i?M i?2 QH/2` biiBbiB+bX PM2 rv iQ /Q i?Bb Bb #v b?`BMFBM; i?2 ?BbiQ`v bBx2 M/ #v BM+Hm/BM; HH
i?2 KQbi `2+2Mi biiBbiB+bX aBKBH`Hv- B7 i?2`2 Bb +QMbBbi2M+v #2ir22M i?2 biiBbiB+b Q7 i?2 Hi2bi
/i M/ i?2 /i `2bB/BM; BM i?2 ?BbiQ`v #mz2`- i?2 ?BbiQ`v bBx2 +M #2 BM+`2b2 ;`/mHHv BM
Q`/2` iQ 2M`B+? Qm` biiBbiB+b(wqRd)X
eXj /TiBp2 >BbiQ`v aBx2
GBMF [mHBiv K2i`B+b U; M/ #V mb2/ #v i?2 "h T`QiQ+QH Bb +QKTmi2/ #v //BM; M2r pHm2b M/
`2KQpBM; QH/ QM2b 7`QK i?2 ?BbiQ`v ``v i `mM iBK2X h?mb i?2 ?BbiQ`v bBx2 U>aV BKT+ib i?2
`2+iBpBiv M/ 2biBKiBQM 2``Q` Q7 i?2 HBMF [mHBiv K2i`B+bX _2+iBpBiv `2HB2b QM i?2 T2`+2Mi;2
Q7 7`2b? pHm2b BM i?2 HBMF ?BbiQ`vX Pm` ;QH Bb iQ /Ti i?2 ?BbiQ`v bBx2 QM i?2 #bBb Q7 i?2
+m``2Mi HBMF [mHBiv BM Q`/2` iQ KF2 i?2 i`MbKBbbBQM b+?2K2 KQ`2 `2+iBp2 rBi? BKT`Qp2/
2biBKiBQMX hrQ H;Q`Bi?Kb r2`2 mb2/ iQ /Ti i?2 ?BbiQ`v bBx2- QM2 `2/m+2b i?2 ?BbiQ`v bBx2
r?BH2 i?2 Qi?2` BM+`2b2b BiX
eXjXR _2/m+BM; >BbiQ`v aBx2
h?2 `2+iBpBiv M/ ++m`+v Q7 i?2 2biBKiBQM K2i`B+b /2T2M/ mTQM i?2 T2`+2Mi;2 Q7 7`2b?
pHm2b BM i?2 HBMF ?BbiQ`vX q?2M i?2 [mHBiv Q7  HBMF Bb Hi2`2/- i?2 pHm2 Q7 ; Bb `2/m+2/ M/
b  `2bTQMb2- i?2 T2`+2Mi;2 Q7 7`2b? pHm2b Bb /2+`2b2/ BM i?2 HBMF ?BbiQ`vX amTTQb2- i?2
+m``2Mi ?BbiQ`v bBx2 ǵHStǶ Bb Ryy T+F2ib M/ i?2 pHm2b Q7 ; M/ # #b2/ QM HSt `2 ky M/
R8 `2bT2+iBp2HvX h?Bb K2Mb i?i 7Q` i?2 M2ti 2biBKiBQM `QmM/ QMHv kyW Q7 7`2b? pHm2b `2
pBH#H2 i?i b?Qr i?2 +QMb2[m2M+2b Q7 i?2 ++m`+v Q7 HBMF [mHBiv K2i`B+bX 7i2` i`MbKBiiBM;
ky T+F2ib BM #m`bi- bbmK2 i?i i?2 T+F2i bm++2bb `i2 USa_V Bb ;`2i2` i?M bQK2 T`2/2}M2/
i?`2b?QH/ UBX2 NyW BM Qm` 2tT2`BK2MibV r?B+? /2TB+ib i?2 ++m`+v Q7 i`MbKBbbBQM K2i`B+bX 6Q`
i?Bb `2bQM- i?2 ?BbiQ`v bBx2 rBHH `2KBM i?2 bK2 7Q` i?2 M2ti `QmM/X *QMp2`b2Hv- B7 i?2 Sa_
Bb H2bb i?M i?2 /2bB`2/ i?`2b?QH/- Bi bB;MB}2b i?i- i?2 #m`bi bBx2 Q#iBM2/ 7`QK i?2 +m``2Mi
Ny *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
HSt- /Q2b MQi `2T`2b2Mi i?2 i`m2 +?MM2H +QM/BiBQMX i i?Bb TQBMi- i?2 HSt Bb `2/m+2/ iQ ?H7
#v `2KQpBM; QH/ pHm2b ?2M+2- ;BpBM; KQ`2 r2B;?i iQ i?2 7`2b? pHm2b 7Q` i?2 M2ti T`2/B+iBQM
`QmM/X
 bmKK`v Q7 `2/m+BM; ?BbiQ`v bBx2 H;Q`Bi?K Bb ;Bp2M BM H;Q`Bi?Kb kX q?2`2 HSt `272`b
iQ +m``2Mi ?BbiQ`v bBx2- HSmax `272`b iQ i?2 i?2 KtBKmK ?BbiQ`v bBx2 Ur?B+? Bb Ryy T+F2ib
BM Qm` 2tT2`BK2MibV- HSmin `272`b iQ i?2 KBMBKmK ?BbiQ`v bBx2 Ur?B+? Bb k8 T+F2ib BM Qm`
2tT2`BK2MibV M/ HSt+1 Bb i?2 7mim`2 ?BbiQ`v bBx2(wqRd)X
H;Q`Bi?K k >BbiQ`v aBx2 _2/m+iBQM H;Q`Bi?K
AMTmi,>at, HSmax, HSminOutput :HSt+1
B7 USa_ ≤ Threshold) i?2M








eXjXk AM+`2bBM; >BbiQ`v aBx2
AM +b2 i?2 HBMF [mHBiv Bb /Bb`mTi2/- Qm` b+?2K2 `2/m+2b i?2 ?BbiQ`v bBx2 r?B+? KF2b Qm`
2biBKiQ` KQ`2 `2+iBp2 iQ i?2 #`mTi +?M;2b BM HBMF [mHBivX PM+2 i?2 HBMF [mHBiv BKT`Qp2b
M/ i?2 HBMF bi#BHBiv BM+`2b2b- Qm` b+?2K2 BM+`2b2b i?2 ?BbiQ`v bBx2 r?B+? `2bmHib BM, RV
`2/m+2BM; i?2 7`2[m2Mi HBMF 2biBKiBQM kV BM+`2bBM; +?MM2H biiBbiB+b M/ jV `2/m+BM; T`2/B+iBQM
2``Q`X
amTTQb2- i?2 +m``2Mi +?MM2H +QM/BiBQM Bb TQQ` r?B+? K2Mb i?2 +m``2Mi ?BbiQ`v bBx2 Bb 2[mH iQ
 KBMBKmK ǵHSt4HSminǶX b bQQM b i?2 +?MM2H [mHBiv BKT`Qp2b- i?2 pHm2 Q7 ; rBHH BM+`2b2
M/ i?2 KtBKmK pHm2 Bi +M iiBM Bb k8UT+F2ibV b HSmin4k8 UT+F2ibVX q?2M i?2 bBx2 Q7
; Bb 2[mH iQ i?2 +m``2Mi ?BbiQ`v bBx2 M/ (PSR > 90%)- i?2 M2r ?BbiQ`v bBx2 ;`Qrb iQ #2 irB+2
i?2 bBx2 Q7 i?2 +m``2Mi ?BbiQ`v bBx2X Pi?2`rBb2- i?2 +?MM2H ?BbiQ`v `2KBMb mM+?M;2/ 7Q` i?2
M2ti `QmM/ Q7 2biBKiBQMX H;Q`Bi?K j 2tTHBMb i?2 2tTMbBQM Q7 ?BbiQ`v bBx2 BM /2iBH(wqRd),
eX9X GQr@SQr2` "m`bi h`MbKBbbBQM NR
H;Q`Bi?K j >BbiQ`v aBx2 AM+`2bBM; H;Q`Bi?K
AMTmi,>at, HSmax, HSminOutput :HSt+1
B7 USa_ ≥ Threshold) i?2M
B7 UCS == HSt && HSt = HSmaxV i?2M





eX9 GQr@SQr2` "m`bi h`MbKBbbBQM
h?Bb b2+iBQM T`QTQb2 i?2 /2bB;M Q7 i?2 "h KQ/2H U b2M/2`@BMBiBi2/ T`QiQ+QHV i?i BKb
iQ BKT`Qp2 i?`Qm;?Tmi iQ;2i?2` rBi? `/BQ /miv@+v+HBM; BM HQr@TQr2` KQ#BH2 rB`2H2bb b2MbQ`
M2irQ`FbUJqaLbV #v HHQrBM; i?2 b2M/2` iQ i`MbKBi T+F2ib BM #m`biX h?2 "h KQ/2H Bb
bT2+B}+HHv /2bB;M2/ iQ bmTTQ`i #mHF /i i`Mb72` BM i?2 T`2b2M+2 Q7 ?B;?Hv /vMKB+ HBMFbX
h?2 "h KQ/2H bmTTQ`ib i?2 HQr@TQr2` #m`bi i`MbKBbbBQM Q7 T+F2ib BX2 i?2 "h b2M/2`
i`MbKBib T+F2ib BM `TB/ bm++2bbBQM 7i2` +[mB`BM; i?2 +?MM2H BM  bBM;H2 rF2mTX *H2`
+?MM2H bb2bbK2Mi U**V Bb T2`7Q`K2/ QMHv #27Q`2 bi`iBM;  #m`bi #mi MQi 7Q` 2+? bBM;H2
T+F2i /m`BM;  #m`biX hrQ TB2+2b Q7 BM7Q`KiBQM `2 //2/ BM i?2 /i, M *E T+F2i i?i
Bb ; M/ T+F2i MmK#2` USLVX ; M/ SL pHm2b BM/B+i2 i?2 ``BpH Q7 7m`i?2` T+F2ib iQ i?2
`2+2Bp2` bQ i?i Bi `2KBMb BM i?2 `2+2BpBM; KQ/2 7Q` i?2 mT+QKBM; T+F2ibX
eX9XR AMi2`@"m`bi aH22TBM;
h?2 "h KQ/2H iF2b BMTmi 7`QK i?2 HBMF [mHBiv +QKTQM2Mi /Bb+mbb2/ BM b2+iBQM eXk M/
++Q`/BM;Hv HHQrb i?2 b2M/2` M/ `2+2Bp2`Ƕb `/BQ iQ #2 brBi+?2/ Qz /m`BM; i?2 TQQ` +?MM2H
[mHBivX h?2 b2M/2` 2K#2/b i?2 BM7Q`KiBQM Q7 i?2 +m``2Mi pHm2b Q7 ;- #- M/ SL BM i?2 /i
T+F2iX h?2 KBM B/2 ?2`2 Bb i?i  b2M/2` M/  `2+2Bp2` b?QmH/ ;Q iQ bH22T Ui`MbB2Mi@bH22TV
i i?2 2M/ Q7 i?2 +m``2Mi ; M/ b?QmH/ rF2 mT 2t+iHv #27Q`2 i?2 bi`i Q7 i?2 M2ti ;X lTQM
`2+2BpBM; i?2 pHm2 Q7 ;- i?2 `2+2Bp2` Bb mT/i2/ `2;`/BM; i?2 2tT2+i2/ MmK#2` Q7 T+F2ib iQ
#2 `2+2Bp2/ #27Q`2 ;QBM; iQ bH22TX aBKBH`Hv- 7`QK # M/ BMi2` T+F2i BMi2`pH UASAV pHm2b- i?2
`2+2Bp2` FMQrb Bib 2t+i bH22T /m`iBQMX b bQQM b i?2 `2+2Bp2` brBi+?2b iQ i`MbB2Mi@bH22T KQ/2


































6B;m`2 eXj, aii2 .B;`K Q7 _2+2Bp2`X
Bi bi`ib  rF2mT@iBK2` r?B+? Bb }`2/ 2t+iHv i i?2 2M/ Q7 #X 6B;m`2b eXk M/ eXj /2b+`B#2
i?2 bii2 /B;`K Q7 T`BK`v b2M/2` M/ `2+2Bp2` MQ/2 `2bT2+iBp2HvX
eX9Xk AMi2`@"m`bi 6Q`r`/BM;
h?2 "h T`QiQ+QH T`QpB/2b i?2 QTTQ`imMBiv 7Q` `2Hv M/ Qp2`?2`BM; b2M/2` MQ/2b iQ i`MbKBi
i?2B` /i /m`BM; i?2 Tmb2 T2`BQ/ Q7 i?2 T`BK`v b2M/2`X h?Bb TT`Q+? 2M?M+2b +?MM2H mb2
M/ 2M#H2b ?B;? i?`Qm;?TmiX M 2tKTH2 Q7 i?Bb #2?pBQm` +M #2 b22M r?2M i?2 `2+2BpBM;
MQ/2 Bb MQi i?2 }MH /2biBMiBQM Q7 i?2 +m``2Mi #m`bi i`MbKBbbBQM M/ +ib b  `2Hv MQ/2X
h?2 `2Hv MQ/2 +M miBHBx2 i?2 # T2`BQ/ iQ i`MbKBi i?2 T+F2i iQ i?2 M2ti ?QTX _2Hv MQ/2b
i`MbKBi T+F2i@#v@T+F2i M/ T2`7Q`K  +H2` +?MM2H bb2bbK2Mi M/ #+FQz U*"V #2ir22M
2+? T+F2i i`MbKBbbBQMX h?2 `2bQM iQ T2`7Q`K  ** #2ir22M 2+? T+F2i Bb iQ H2i Qi?2`
MQ/2b iQ mb2 i?2 # T2`BQ/ b r2HHX bbmK2 i?i /m`BM; i?2 #m`bi i`MbKBbbBQM Q7 QM2 KQ#BH2
MQ/2 MQi?2` KQ#BH2 MQ/2 rF2b@mTX b  `2bTQMb2 iQ Qp2`?2`BM; i?2 /i Q` i?2 *E T+F2i-








count≠CS transmit count=CS AND





AND send queue =empty  CCA=0 ORtimeout



















6B;m`2 eX8, aii2 .B;`K Q7 a2+QM/`v a2M/2`X
BM Q`/2` iQ i`MbKBi Bib T+F2ib M/ +QMi2M/ rBi? i?2 `2Hv MQ/2 #v T2`7Q`KBM; *" #2ir22M
2+? T+F2iX 6B;m`2 eX9 M/ eX8 /2b+`B#2 i?2 bii2 /B;`K Q7 `2Hv M/ b2+QM/`v b2M/2` MQ/2-
`2bT2+iBp2HvX
eX8 S`QiQ+QH
h?2 #m`bi i`MbKBbbBQM b+?2K2 /Bb+mbb2/ BM i?2 T`2pBQmb b2+iBQMb eXk M/ eXj 2M#H2b  bBM;H2
i`MbKBii2` iQ 2{+B2MiHv mb2  HBMF rBi?  ~m+imiBM; [mHBivX Ai /Q2b MQi- ?Qr2p2`- //`2bb
URV ?Qr i?2 i`MbKBii2` b?QmH/ +Q2tBbi rBi? Qi?2` +QMi2M/BM; MQ/2b r?B+? HbQ rBb? iQ Q++mTv
i?2 K2/BmK M/ i`Mb72` /i- MQ` /Q2b Bi //`2bb UkV ?Qr i?2 K2/BmK +M #2 b?`2/ BM M
2{+B2Mi KMM2`X
N9 *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
AM Q`/2` iQ //`2bb i?2b2 Bbbm2b- r2 /BpB/2 iBK2 BMiQ bTMbX h?2 /m`iBQM Q7  bTM Bb /2i2`KBM2/
#v i?2 #mz2` bBx2 M/ i?2 +QKKmMB+iBQM #M/rB/i? Q7 i?2 `2Hv MQ/2X AM  bBM;H2 bTM  bBM;H2
KQ#BH2 MQ/2 #2+QK2b  T`BK`v i`MbKBii2` M/ HH Qi?2` +QMi2M/BM; MQ/2b #2+QK2 b2+QM/`v
i`MbKBii2`bX A7 i?2`2 Bb MQ KQ#BH2 MQ/2 BM i?2 irQ@?QT M2B;?#Qm`?QQ/ Q7  `2Hv MQ/2- i?2M
i?2 `2Hv MQ/2 Bib2H7 #2+QK2b  T`BK`v i`MbKBii2` M/ i`Mb72`b i?2 /i Bi ++mKmHi2b BM
Bib #mz2` iQ i?2 #b2 biiBQMX h?2 `2bQM r2 ;Bp2 T`BQ`Biv iQ KQ#BH2 i`MbKBii2`b Bb /m2 iQ
i?2 mM`2HB#BHBiv Q7 i?2 HBMF i?2v 2bi#HBb? rBi?  biiB+ `2Hv MQ/2X AM  bBM;H2 bTM  KQ#BH2
MQ/2 }`bi i`MbKBib N MmK#2` Q7 T+F2ib BM #m`bi iQ /2i2`KBM2 i?2 +?MM2H biiBbiB+b M/ i?2
2tT2+i2/ /m`iBQMb Q7 ;QQ/ M/ #/ HBMFb U#v TTHvBM; 1[miBQMb eXR M/ eXkVX "b2/ QM i?Bb
FMQrH2/;2- "h /2}M2b Bib /miv +v+H2X LQr Bib +iBp2 iBK2 +Q``2bTQM/b rBi? i?2 b?Q`i i2`K
;QQ/ bii2 BM r?B+? Bi i`MbKBib T+F2ib BM #m`biX GBF2rBb2- Bib bH22T bii2 +Q``2bTQM/b iQ Bib
b?Q`i i2`K #/ bii2b /m`BM; r?B+? iBK2 Bi bH22Tb iQ bp2 2M2`;vX
hQ T`QpB/2 7B`M2bb #2ir22M  KQ#BH2 b2M/2`Ƕb MQ/2 M/ i?2 HBKBiiBQM Q7 _J biQ`;2 BM
i?2 h2HQb#URyE"V b2MbQ` MQ/2- i?2 KtBKmK MmK#2` Q7 T+F2ib  b2M/2` +M i`MbKBi Bb k8y
T+F2ibX AM Qm` BKTH2K2MiiBQM- 2p2`v T+F2i +QMbmK2b k3 #vi2b BM _J- mHiBKi2Hv +QMbmKBM;
eX3E" Q7 K2KQ`vX h?2 i`MbKBbbBQM iBK2 UhhV +M #2 Q#iBM2/ #v KmHiBTHvBM; ASA rBi? i?2
iQiH MmK#2` Q7 T+F2ibX AM Qm` 2tT2`BK2Mib hh48b2+X 7i2` i?Bb iBK2  MQ/2 b?QmH/ p+i2
i?2 +?MM2H M/ ;BM +QKT2i2 7Q` i?2 +?MM2HX hh Bb 7m`i?2` /BpB/2/ BMiQ ǶMǶ Tps M/ 2+? Tp
+QMiBMb TB M/ TP - r?2`2 TB Bb i?2 iBK2 iQ i`MbKBi ; T+F2ib M/ TP Bb i?2 Tmb2@iBK2 #27Q`2
i`MbKBiiBM; ;BMX 7i2` 2+? Tp i?2 ?BbiQ`v ``v Bb mT/i2/ rBi? M2r pHm2b iQ +H+mHi2
M2r ; M/ #X
AM i?2 #2;BMMBM;-  KQ#BH2 b2M/2` MS1 rF2b@mT M/ T2`7Q`Kb *"X A7 i?2 +?MM2H Bb 7`22 Bi
rBHH b2M/ i?2 _ha iQ i?2 `2+2Bp2`X lTQM `2+2BpBM; i?2 _ha- i?2 `2+2Bp2` +?2+Fb Bib ~; 7Q` i?2
KQ#BH2 b2M/2`X A7 MQ Qi?2` KQ#BH2 b2M/2` Bb +iBp2 Bi rBHH b2M/ i?2 *ha M/ b2i i?2 KQ#BH2
b2M/2` ~; iQ +iBp2X PM+2 i?2 KQ#BH2 b2M/2` `2+2Bp2b i?2 *ha Bi rBHH bi`i iQ i`MbKBi T+F2ib
BM #m`bi U*b2 R 6B;m`2 eXeVX h?2 _haf*ha K2bb;2 bQHp2b ?B//2M i2`KBMH T`Q#H2Kb M/
/2i2+ib i?2 i`MbB2Mi bH22T T2`BQ/ Q7 i?2 KQ#BH2 b2M/2` r?B+? rBHH #2 /Bb+mbb2/ b?Q`iHv BM U*b2
9 6B;m`2 eXeVX
7i2` TB- MS1 rBHH brBi+? Qz Bib `/BQ M/ ;Q BMiQ i`MbB2Mi@bH22T- r?2`2b i?2 `2Hv MQ/2 U_V
mb2b i?Bb QTTQ`imMBiv iQ bi`i i`MbKBiiBM; i?2 T+F2ib iQ i?2 #b2 biiBQM U"aVX "h bbmK2








g g-1 . . . 0 AA















g A g-1 A
A A . . . . . .
. . . . . .
. . . . . .
TBS2 TPT2
Sleep
. . . . . . TnT2
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C&B . . .
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D AC&B C&B C&B
 . . . Tn
D
 . . .
 . . .
 . . .
C&B D A A
Case 3 Case 4 Case 5
 . . .CTS  . . .
 . . .g-1
g Sleep
g Sleep
TT: Transmission Time, TBS: Burst Duration (g), TPT: Pause Time (b)
TP: TBS+TPT, TT=T1+T2…TN
6B;m`2 eXe, M AHHmbi`iBQM Q7 i?2 ++QKKQ/iBQM Q7 S`BK`v M/ a2+QM/`v h`MbKBii2`bX
hQT,  `2Hv MQ/2 2tTHQBib i?2 bH22T T2`BQ/ Q7  KQ#BH2 i`MbKBii2` iQ i`Mb72` T+F2ib Bi
++mKmHi2b BM Bib #mz2` iQ i?2 M2ti ?QT BM i?2 /B`2+iBQM Q7 i?2 #b2 biiBQMX "QiiQK, 
KQ#BH2- b2+QM/`v i`MbKBii2` 2tTHQBib i?2 bH22T T2`BQ/ Q7  T`BK`v i`MbKBii2` M/ i`Mb72`b
T+F2ib iQ  `2Hv MQ/2 QM T+F2i@#v@T+F2i #bBbX
Ne *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
BM7Q`KiBQM Qp2`?2/ i?2 pHm2 Q7 # Bb MQi BM+Hm/2/ BM i?2 /i T+F2i /m2 iQ r?B+? ǵ_Ƕ /Q2b MQi
FMQr i?2 2t+i rF2@mT iBK2 Q7 MS1X h?2`27Q`2- i?2`2 KB;?i #2  +?M+2 Q7 +QHHBbBQM #2ir22M
}`bi T+F2i 7i2` i?2 Tp T2`BQ/X HH i?2 bK2- i?2 T`Q##BHBiv Q7 i?Bb Bb p2`v HQr b _ T2`7Q`Kb
*" #27Q`2 i`MbKBiiBM; 2+? T+F2iX AM +b2 Q7  +QHHBbBQM- MS1 rBHH `2i`MbKBi i?2 T+F2i b
BHHmbi`i2/ BM *b2 k };m`2 eXeX
amTTQb2MS2 Bb rQF2M mT /m`BM; i?2 #m`bi i`MbKBbbBQM Q7MS1 M/ Qp2`?2`b i?2 /i T+F2i
r?B+? +QMiBMb +m``2Mi #m`bibBx2 ; Q7MS1X h?Bb BM7Q`K i?2 +QMi2M/BM; MQ/2 #Qmi i?2 QM@;QBM;
#m`bi i`MbKBbbBQM M/ H2i i?2 +QMi2M/2` MS2 iQ bH22T 7Q` i?2 `2KBMBM; T2`BQ/ Q7 TB U*b2
j 6B;m`2 eXeVX 7i2` TB- MS2 rF2b@mT M/ ;BM i`B2b iQ +[mB`2 i?2 K2/BmK #v T2`7Q`KBM;
*"X .Bb+Qp2`BM; i?i i?2 +?MM2H Bb MQr 7`22X h?Bb Bb TQbbB#H2 /m2 iQ irQ TQbbB#BHBiB2b UBV
2Bi?2` i?2 +?MM2H Bb 7`22 #2+mb2 hh Q7 MS1 Bb Qp2` Q` UBBV i?2 +?MM2H Bb 7`22 #2+mb2 MS1 Bb
BM i`MbB2Mi@bH22TX b MS2 /Q2b MQi FMQr i?2 2t+i `2bQM- Bi bbmK2b i?i i?2 +?MM2H Bb 7`22
M/ b2M/b Bib _ha iQ i?2 ǵ_ǶX AM `2HBiv- ?Qr2p2`- i?Bb Bb MQi i`m2 b MS1 Bb BM i`MbB2Mi@bH22T
KQ/2X b ǵ_Ƕ FMQrb i?2 i`m2 biimb Q7MS1 Bi rBHH `2THv rBi?  Ƕ.aǶ K2bb;2 r?B+? +QMiBMb i?2
iQiH `2KBMBM; iBK2 Q7 MS1X 7i2` i?Bb iBK2- i?2 +?MM2H Bb 7`22 iQ bi`i #m`bi i`MbKBbbBQMX
aBM+2 i?2 iQiH iBK2 iQ Q++mTv i?2 +?MM2H Bb }t2/ 7Q` 2+? KQ#BH2 b2M/2` 7i2` r?B+? i?2
b2M/2`b M22/ iQ +QMi2M/ i?2 K2/BmK ;BMX h?2`27Q`2- 7i2` b2M/BM; i?2 *ha- i?2 `2+2Bp2`
bi`ib  iBK2` 7Q` i?2 iBK2 `2KBMBM; 7Q` +m``2Mi #m`bi i`MbKBbbBQMX Ai b2M/b i?2 b2+QM/`v
b2M/2`- i?2 pHm2 Q7 i?Bb iBK2` B7 Bi `2+2Bp2 i?2 _ha #27Q`2 i?2 2tTB`iBQM Q7 i?2 iBK2`X lTQM
`2+2BpBM;  Ƕ.aǶ K2bb;2 MS2 FMQrb i?2 iBK2 7Q` i?2 M2ti +QMi2MiBQMX Hi?Qm;? MS2 +MMQi
bi`i #m`bi i`MbKBbbBQM- Bi +M biBHH b2M/ Bib T+F2i iQ Ƕ_Ƕ #v T2`7Q`KBM;  T+F2i@#v@T+F2i
i`MbKBbbBQM U*b2 9 6B;m`2 eXeVX PM+2 i?2 hh Q7 MS1 Bb Qp2`- MS1 M/ MS2 +M +QMi2M/ 7Q`
i?2 K2/BmK ;BM #mi i?Bb iBK2 MS1 ?b H`;2` `M/QK@#+FQz r?B+? ;Bp2b T`BQ`Biv iQ MS2
U*b2 8 6B;m`2 eXeV(wqRd)X
eXe AKTH2K2MiiBQM M/ 1pHmiBQM
eXeXR AKTH2K2MiiBQM
A BKTH2K2Mi2/ i?2 T`QTQb2/ T`QiQ+QH MK2Hv "h BM hBMvPa THi7Q`K M/ /2THQv2/ Bi QMiQ
i?2 h2HQb" b2MbQ` MQ/2bX //BiBQMHHv- irQ bii2@Q7@i?2@`i T`QiQ+QHb r2`2 HbQ mb2/ iQ KF2
eXeX AKTH2K2MiiBQM M/ 1pHmiBQM Nd
h#H2 eXR,  amKK`v Q7 i?2 L2irQ`F S`K2i2`b mb2/ BM Qm` 1tT2`BK2Mi a2imTbX
1MpB`QMK2Mi HQ##v- H#
JQ#BHBiv Sii2`M _M/QK qHF
aT22/ RXj @ k Kfb
AMi2`72`2` JB+`Qrp2 Qp2M- qB6B
Pp2`HH i`MbKBii2/ T+F2ib kyy-yyy
AMi2`@T+F2i i`MbKBbbBQM BMi2`pH ky Kb- Ryy Kb UH#V
h`MbKBbbBQM TQr2` @R8 /"K
S+F2i TvHQ/ k3 "vi2
 [mMiBiiBp2 +QKT`BbQMX h?2 }`bi Bb i?2 "m`bi 6Q`r`/BM; U"6V T`QiQ+QH /2p2HQT2/ i i?2
ar2/Bb? AMbiBimi2 Q7 *QKTmi2` a+B2M+2 (aP6RR)- BM r?B+? `2i`MbKBbbBQM Q7 HQbi T+F2ib /m2
iQ HBMF [mHBiv /2i2`BQ`iBQM Bb b2i iQ 9- b bm;;2bi2/ BM i?2B` TT2`X h?2 b2+QM/ T`QiQ+QH Bb
"m`biv GBMF 1biBKiQ` UH#2HH2/ b J*3V (qE+RR)X h?2 J*3 }`bi #2;BMb #v i`MbKBiiBM;
Ryy T+F2ib BM #m`bi M/ mb2b i?2 ?BbiQ`v Q7 i?2 *E T+F2ib BM Q`/2` iQ /2i2`KBM2 i?2 bBx2 Q7
i?2 M2ti #m`bi i`MbKBbbBQMX 7i2` 2+? i`MbKBbbBQM T2`BQ/-  M2r +FMQrH2/;2K2Mi b2[m2M+2
Bb //2/ BMiQ i?2 HBMF ?BbiQ`v M/ i?2 #m`bi bBx2 7Q` i?2 M2ti i`MbKBbbBQM Bb `2@2biBKi2/X
AM +QMi`bi- i?2 "h mb2b M /TiBp2 ?BbiQ`v ``v ++Q`/BM; iQ i?2 +m``2Mi HBMF [mHBiv b
2tTHBM2/ BM a2+iBQM eXjX
eXeXk 1pHmiBQM
hQ 2pHmi2 i?2 T2`7Q`KM+2 Q7 i?2 "h- i?`22 b2ib Q7 2tT2`BK2Mib r2`2 +QM/m+i2/X AM i?2
}`bi b2i- i?2 2{+B2M+v Q7 #m`bi i`MbKBbbBQM b+?2K2b BM  bBM;H2@?QT M2irQ`F r2`2 +QKT`2/
mM/2` BMi2`72`2M+2 M/ BM KQ#BHBiv b+2M`BQbX AM i?2 b2+QM/ b2i- i?2 i?`Qm;?Tmi M/ /2Hv Q7
i?2 "h rb K2bm`2/ 7Q`  KmHiB@?QT M2irQ`F BM i?2 T`2b2M+2 Q7  qB6B BMi2`72`2`X 6Q`
i?2b2 2tT2`BK2Mib- 2B;?i biiB+ MQ/2b M/ QM2 KQ#BH2 MQ/2 r2`2 mb2/ iQ b2i  d@?QT M2irQ`FX
AM i?2 Hbi b2i- 2M/@iQ@2M/ Hi2M+v M/ T+F2i HQbb `i2 rb K2bm`2/ r?2M KmHiBTH2 KQ#BH2
i`MbKBii2`b +QKT2i2 iQ i`Mb72` /i bBKmHiM2QmbHvX 6Q` i?2b2 2tT2`BK2Mib- i?2 M2irQ`F
+QMbBbi Q7 2B;?i biiB+ MQ/2b M/ }p2 KQ#BH2 MQ/2bX _M/QK@rHF KQ#BHBiv Tii2`M rb 7QHHQr2/
#v HH i?2 KQ#BH2 MQ/2bX h?2 M2irQ`F rb /2THQv2/ #Qi? BM i?2 #mBH/BM; HQ##v M/ BM H#
U7Q` i?2 H# /2THQvK2Mib- uQFQ;r /B;BiH TQr2` MHvb2`b r2`2 mb2/ iQ K2bm`2 i?2 2M2`;v
+QMbmKTiBQMVX 6B;m`2X eXd b?Qrb i?2 M2irQ`F iQTQHQ;v M/ i#H2 eXR bmKK`Bb2b i?2 2tT2`BK2Mi
T`K2i2`b mb2 BM i?2 2tT2`BK2MibX
N3 *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
mobile 
node
6B;m`2 eXd, h?2 L2irQ`F hQTQHQ;v 7Q` PM2 Q7 i?2 1tT2`BK2Mi a2ibX
eXeXkXR "m`bi 6Q`r`/BM;
AM Q`/2` iQ 2pHmi2 i?2 BKT+i Q7 *`Qbb h2+?MQHQ;v AMi2`72`2M+2 U*hAV QM #m`bi i`MbKBbbBQM
irQ BMi2`72`2M+2 bQm`+2b r2`2 +QMbB/2`2/- MK2Hv-  KB+`Qrp2 Qp2M M/ qB6BX 6Q` i?2 7Q`@
K2`- r2 BKBii2/ (h*+RR)- M/ (>aR9)- 2KTHQvBM;  M2`#v aB2K2Mb >6RkJk9y `2bB/2MiBH
KB+`Qrp2 Qp2M ?2iBM; ri2` /m`BM; +QKKmMB+iBQMX AM //BiBQM- i?2 hS@GBMF hG@q_39RL
`Qmi2` +QKTHvBM; rBi? A111 3ykXRR #f;fM BM i?2 kX9:>x AaJ #M/ rb 2KTHQv2/X h?Bb `Qmi2`
+QKKmMB+i2/ rBi?  M2`#v KQ#BH2 /2pB+2 r?BH2 +QKKmMB+iBQM #2ir22M i?2 b2MbQ` MQ/2b iQQF
TH+2X h?2 `Qmi2` rb +QM};m`2/ iQ mb2 +?MM2H RR r?BH2 h2HQb" b2MbQ` MQ/2b r2`2 HHQ+i2/
+?MM2H k9 r?B+? Qp2`HTT2/ rBi? i?2 qB6B +?MM2H RRX
6B;m`2X eX3 +QKT`2b i?2 i?`Qm;?Tmi Q7 i?2 i?`22 #m`bi i`MbKBbbBQM b+?2K2bX  iQiH Q7
8-yyy T+F2ib r2`2 i`MbKBii2/ BM 2+? 2tT2`BK2Mi M/ 2+? #` ;`T? `2T`2b2Mib i?2 p2`;2
i?`Qm;?Tmi Q7 Ry BM/2T2M/2Mi 2tT2`BK2MibX .m`BM; 2+? 2tT2`BK2Mi- i?2 KB+`Qrp2 Qp2M ;2M@
2`i2b  T2`BQ/B+ BMi2`72`2M+2 Q7 b?Q`i2` /m`iBQMb r?BHbi  +QKKmMB+iBQM HbibX q2 Q#b2`p2/
 bKHH MmK#2` Q7 +QMb2+miBp2 HQbb2b U3@Ry T+F2ibV- #mi Q++bBQMHHv i?2 MmK#2` rb H`;2`X
am#b2[m2MiHv- HH i?2 b+?2K2b vB2H/ +QKT`iBp2Hv bBKBH` `2bmHibX >Qr2p2`- i?2 BMi2`72`2M+2
Tii2`M T`Q/m+2/ #v i?2 qB6B `Qmi2` rb B``2;mH`- `2bmHiBM; BM bB;MB}+Mi +QMb2+miBp2 HQbb2bX
6Q` i?Bb +b2 i?2 "h TT`Q+? T`Q/m+2/ i?2 ?B;?2bi i?`Qm;?Tmi- +H2`Hv DmbiB7vBM; i?2 M22/
iQ 2biBKi2 HBMF [mHBiv ~m+imiBQM rBi?  7`2b? b2i Q7 *E T+F2ibX AM +QMi`bi- i?2 "6 biQTb



















) ABT BF MAC3
6B;m`2 eX3, h?2 h?`Qm;?Tmi Q7 i?2 a2M/2`X
#m`bi i`MbKBbbBQM 7i2` 9 +QMb2+miBp2 HQbb2b M/ T2`7Q`Kb `M/QK #+F@Qzb UbB;MB7vBM;  `M@
/QK /2Hv Q7 #mbi i`MbKBbbBQMV `2bmHiBM; BM TQQ` +?MM2H mb2X h?2 bbmKTiBQM i?i 7i2`  HQbb
Q7 9 +QMb2+miBp2 T+F2ib i?2 +?MM2H b?QmH/ #2 `2;`/2/ b mM`2HB#H2 TT`2MiHv vB2H/b  TQQ`
`2+iBQM iBK2 BM  ?B;?Hv /vMKB+ HBMFX h?2 J*3 ?b i?2 HQM;2bi `2+iBQM iBK2 7Q` b?Q`i@i2`K
~m+imiBQMb ;Bp2M i?i Bib ?BbiQ`v bBx2 Bb }t2/X JQ`2Qp2`- 2p2M 7Q`  HQM;2` Q#b2`piBQM T2`BQ/-
i?2 2tT2+i2/ #m`bi bBx2 7Q` i?2 J*3 Bb +QKT`iBp2Hv bKHH U#2ir22M e iQ Ry T+F2ib T2`
#m`biVX .m2 iQ i?Bb bKHH #m`bi bBx2- i?2 ?BbiQ`v ``v Q7i2M +QMiBMb Qmi/i2/ /i M/ b 
`2bmHi- i?2 7mim`2 #m`bi bBx2 Bb Q7i2M BM+Q``2+iHv 2biBKi2/X h?2 T+F2i i`MbKBbbBQM iBK2 UQ`
/2HvV Bb MQi?2` rv Q7 HQQFBM; i i?2 i?`Qm;?TmiX Ai `272`b iQ i?2 iBK2 `2[mB`2/ iQ bm++2bb7mHHv
i`Mb72`  }t2/ MmK#2` Q7 T+F2ib UBX2X- HQbi T+F2ib r2`2 `2i`MbKBii2/VX
6B;m`2X eXN /BbTHvb i?2 iBK2 `2[mB`2/ iQ i`MbKBi 8yyy T+F2ib bm++2bb7mHHvX h?2 HQbi T+F2ib
`2 `2i`MbKBii2/ #v 2+? T`QiQ+QHX h?2 J*3 ?b i?2 ?B;?2bi i`MbKBbbBQM iBK2 #2+mb2 Bi Bb
bHQr2` iQ `2+Qp2` 7`QK TQQ` +?MM2H [mHBiv- `2bmHiBM; BM rbi2 Q7 i?2 ;QQ/ HBMF [mHBiv /m`@
iBQMX h?2 "6 ?b i?2 b2+QM/ ?B;?2bi /2Hv /m2 iQ 2KTHQvBM; BM+`2bBM; #+F@Qz K2+?MBbKbX
h?Bb /2Hvb T+F2i i`MbKBbbBQM 7Q`  HQM;2` T2`BQ/ Q7 iBK2 mTQM 2M+QmMi2`BM; b?Q`i@i2`K HBMF
~m+imiBQMX h?2 "h ?b i?2 HQr2bi i`MbKBbbBQM /2Hv /m2 iQ Bib #BHBiv iQ /Ti i?2 #m`bi
i`MbKBbbBQM bBx2 ++Q`/BM; iQ i?2 mM/2`HvBM; [mHBivX h?Bb Bb HbQ /m2 iQ i?2 7bi `2+Qp2`v
K2+?MBbK mb2/ iQ /2i2+i i?2 +?M;2 BM HBMF [mHBiv- 7`QK TQQ` iQ ;QQ/X
hQ K2bm`2 i?2 2M2`;v +QMbmKTiBQM Q7 i?2 b2MbQ` MQ/2b- i?2 i2bi#2/ Bb KQp2/ iQ i?2 H# r?2`2





















6B;m`2 eXN, Pp2`HH S+F2i h`MbKBbbBQM hBK2X
uQFQ;r /B;BiH TQr2` MHvb2` UqhkRyV Bb 2KTHQv2/X HH i?2 i`MbKBbbBQM b+?2K2b mb2/
i?2 bK2 i`MbKBbbBQM +QM};m`iBQMb M/ /2HBp2`2/ 8yyy T+F2ib bm++2bb7mHHvX h?2 KtBKmK
bKTHBM; `i2 i?2 TQr2` MHvb2`b +QmH/ bmTTQ`i rb Ry bKTH2b T2` b2+QM/ UBX2X-  KBMBKmK
Q7 Ryy Kb BMi2`pH #2ir22M bKTH2b rb `2[mB`2/VX h?2`27Q`2- BM Q`/2` iQ Ki+? i?2 TQr2`
bKTHBM; 7`2[m2M+v rBi? i?2 TQr2` +QMbmKTiBQM Q7 i?2 i`MbKBiiBM; MQ/2b- i?2 BMi2`@T+F2i@
BMi2`pH UASAV rb }t2/ iQ Ryy KbX 6B;m`2X eXRy b?Qrb i?2 +imH 2M2`;v +QMbmKTiBQM BM riib@
?Qm`X h?2 i`MbKBbbBQM b+?2K2 r?B+? `2bmHi2/ BM i?2 ?B;?2bi KQmMi Q7 2M2`;v +QMbmKTiBQM
rb i?2 J*3X h?2 M2ti rb i?2 "6- #2+mb2 Bi ?b i?2 HQM;2` i`MbKBbbBQM /2HvX h?2 "h
`2bmHi2/ BM i?2 H2bi KQmMi Q7 2M2`;v +QMbmK2/ BM #Qi? +b2bX h?Bb rb BM ++Q`/M+2 rBi?
i?2 `2bmHib Q#b2`p2/ /m`BM; i?2 2pHmiBQM Q7 i?`Qm;?Tmi M/ i`MbKBbbBQM /2HvX
AM bmKK`v- +QKT`2/ iQ i?2 bii2@Q7@i?2@`i TT`Q+?2b- r2 Q#b2`p2/ M BKT`Qp2K2Mi Q7 kW
iQ 9W UrBi? i?2 KB+`Qrp2 b2iiBM;V- k9W iQ j9W UrBi? qB6BV- ke iQ jeW UrBi? KQ#BHBivV BM
i?`Qm;?Tmi M/  `2/m+iBQM Q7 9W iQ dW UKB+`Qrp2V- jyW iQ j3W UqB6BV M/ jjW iQ 9kW
UKQ#BHBivV BM 2M2`;v +QMbmKTiBQM rBi? M /TiBp2 #m`bi i`MbKBbbBQM bi`i2;vX
eXeXkXk "m`bi h`MbKBbbBQM /m`BM; JQ#BHBiv
AM i?Bb b+2M`BQ- i?2 T`2/QKBMMi i`{+ Q`B;BMi2/ 7`QK  bBM;H2 KQ#BH2 MQ/2 r?B+? ?/ iQ
i`Mb72` 8-yyy T+F2ib BM 2+? 2tT2`BK2MiX 6B;m`2X eX3 T`QpB/2b  +QKT`BbQM Q7 i?2 i?`Qm;?Tmi
















6B;m`2 eXRy, h?2 1M2`;v *QMbmKTiBQM Q7 i?2 h`MbKBii2`X
Q7 i?2 i?`22 #m`bi i`MbKBbbBQM b+?2K2bX b +M #2 b22M- i?2 "h ?b i?2 ?B;?2bi i?`Qm;?Tmi-
i?2 HQr2bi /2Hv U6B;X eXNV M/ i?2 H2bi KQmMi Q7 2M2`;v +QMbmKTiBQM U6B;m`2X eXRyVX h?2
`2bQM #2?BM/ i?Bb Bb i?i i?2 "h /2Hb rBi? b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMb #v /TiBM;
Bib ?BbiQ`v bBx2 M/ mT/iBM; i?2 2tT2+i2/ +QMb2+miBp2 bm++2bb2b M/ +QMb2+miBp2 7BHm`2b Ubi#H2
HBMF /m`iBQMV ++Q`/BM;HvX HH i?2 Qi?2`b i2+?MB[m2b Qz2` }t2/ bQHmiBQMb b i?2v r2`2 Q`B;BMHHv
BMi2M/2/ 7Q` biiB+ M2irQ`FbX
eXeXj "m`bi h`MbKBbbBQMb BM JmHiB@?QT a+2M`BQb
JmHiB@?QT +QKKmMB+iBQM Bb mMpQB/#H2 B7 i?2 KQ#BH2 MQ/2b ?p2 iQ +Qp2`  H`;2 `2X L22/H2bb
iQ bv- i?2 T2`7Q`KM+2 Q7 KmHiB@?QT M2irQ`Fb ?2pBHv /2T2M/b QM i?2 `2HB#BHBiv Q7 BM/BpB/mH
HBMFb M/ i?2 bBx2 Q7 HQ+H #mz2`bX b +M #2 b22M BM 6B;X eXRR- Qm` 2tT2`BK2MiH b2imT +QMbBbi2/
Q7 3 h2HQb" MQ/2b +QKT`BbBM;  HBM2` iQTQHQ;v iQ 7Q`K  d@?QT rB`2H2bb Ti?X  M2`#v qB6B
BMi2`72`2` rb TH+2/ M2ti iQ i?2 M2irQ`F i?i bmTTQ`i2/  pB/2Q /QrMHQ/X
 KQ#BH2 MQ/2 i QM2 2M/ i`MbKBii2/ T+F2ib BM #m`bi iQ  }t2/ /2biBMiBQM MQ/2X q2 b2i
i?2 hh Ub22 6B;m`2X eXeV bm+? i?i  KtBKmK Q7 k8y T+F2ib +QmH/ #2 i`MbKBii2/ BM  bBM;H2
#m`biX 1+? MQ/2 QM i?2 Ti? mb2/  }t2/ iBK2 bHQib 7Q` #m`bi i`MbKBbbBQM 7i2` r?B+? i?2
KQ#BH2 MQ/2 rQmH/ ;Q iQ bH22T mMiBH i?2 #2;BMMBM; Q7 i?2 M2ti 2TQ+?X h?2 2TQ+? iBK2 UteV rb
Ryk *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
+H+mHi2/ b,
te = (Rn + 1)× TT UeXjV
r?2`2 Rn Bb i?2 iQiH MmK#2` Q7 `2Hv MQ/2bX
q2 }`bi +QKT`2/ i?2 i?`Qm;?Tmi Q7 i?2 "h rBi?  "b2HBM2 TT`Q+?X AM i?2 "b2HBM2
TT`Q+?  b2M/2` /Q2b MQi ?p2 FMQrH2/;2 Q7 HBMF [mHBiv ~m+imiBQM M/ i`MbKBib T+F2ib
BM #m`bi 7Q` i?2 2MiB`2 /m`iBQM Q7 i?2 hhX 6B;m`2X eXRk b?Qrb i?2 +QKT`BbQM #2ir22M i?2
"b2HBM2 TT`Q+? M/ Qm` TT`Q+? #v HQQFBM; i i?2 i?`Qm;?Tmi Q7 i?2 KQ#BH2 MQ/2 7Q`
/Bz2`2Mi ?QT +QmMibX b i?2 ?QT +QmMi BM+`2b2/ i?2 i?`Qm;?Tmi /2+`2b2/ 7Q` #Qi? b+?2K2bX
h?Bb rb 2tT2+i2/ /m2 iQ i?2 BM+`2K2Mi Q7 T+F2i HQbbX LQM2i?2H2bb- BM i?2 +b2 Q7 i?2 "h- i?2
i?`Qm;?Tmi Bb MQi bB;MB}+MiHv z2+i2/ bBM+2 i?2 T`QiQ+QH biQTT2/ i`MbKBiiBM; T+F2ib /m`BM;
i?2 T2`BQ/ Q7 ?B;? T+F2i HQbb2b M/ bBM+2 Bi /Bbi`B#mi2/ i?Bb BM7Q`KiBQM iQ i?2 7Q`r`/BM;
MQ/2bX h?2 7Q`r`/BM; MQ/2b- BM im`M- 2z2+iBp2Hv mb2/ i?2 biQT T2`BQ/ Q7 i?2 T`BK`v b2M/2`
M/ i`MbKBii2/ i?2 T+F2ib i?i r2`2 `2 H`2/v ++mKmHi2/ BM i?2B` [m2m2 iQ i?2 M2ti ?QTX
h?Bb MQi QMHv BM+`2b2/ i?2 i?`Qm;?Tmi Q7 i?2 M2irQ`F #mi HbQ `2/m+2/ i?2 T+F2i HQbb M/
KBMBKBb2/ i?2 `2i`MbKBbbBQM +QbiX
HiQ;2i?2` r2 i`MbKBii2/ 8yyy T+F2ib rBi? 2+? ?QT +QmMi mbBM; #Qi? i?2 "b2HBM2 KQ/2H
M/ Qm` TT`Q+?X q2 K2bm`2/ i?2 Qp2`HH T+F2i i`MbKBbbBQM iBK2 iQ bm++2bb7mHHv /2HBp2` HH
i?2 T+F2ibX 6B;m`2X eXRj b?Qrb i?2 i`MbKBbbBQM iBK2 rBi? 2+? ?QT +QmMiX h?2 "h ?b i?2
HQr2bi i`MbKBbbBQM iBK2 BM +QKT`BbQM iQ i?2 "b2HBM2 TT`Q+?X
AM bmKK`v- #v +QKT`BM; "h iQ i?2 "b2HBM2 TT`Q+?- r2 `2 #H2 iQ Q#b2`p2 M BKT`Qp2@
K2Mi Q7 kyW iQ 9yW i?`Qm;?Tmi rBi? Qm` /TiBp2 i`MbKBbbBQM bi`i2;vX
eXeX9 h?2 *Q@2tBbi2M+2 Q7 JmHiBTH2 h`MbKBii2`b BM  JmHiB@?QT L2i@
rQ`F
AM i?2 Hbi b2i Q7 2tT2`BK2Mib- KmHiBTH2 KQ#BH2 i`MbKBii2`b +QMi2M/ iQ i`Mb72` #mHF@/i iQ
 }t2/ bBMF pB KmHiBTH2 `2Hv MQ/2bX AM  M2irQ`F r?B+? bmTTQ`ib HH KQ#BH2 MQ/2b BKT`@
iBHHv-  bBM;H2 MQ/2 b?QmH/ MQi KQMQTQHBb2 i?2 pBH#H2 +?MM2H BM/2}MBi2HvX h?2`27Q`2- i?2
B/2 Q7 #mHF@/i i`Mb72` b?QmH/ MQi +QMi`/B+i i?2 B/2 Q7 7B`M2bbX 6B;m`2X eXR9 b?Qrb i?2
eXeX AKTH2K2MiiBQM M/ 1pHmiBQM Ryj
Source Sink1 2 3 4 5 6
WiFi
6B;m`2 eXRR, JmHiB@?QT a2MbQ` L2irQ`F


















6B;m`2 eXRk, h?2 h?`Qm;?Tmi 7Q` .Bz2`2Mi LmK#2` Q7 >QTbX
Ry9 *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb



















6B;m`2 eXRj, h?2 h`MbKBbbBQM hBK2 7Q` .Bz2`2Mi LmK#2` Q7 >QTbX
p2`;2 2M/@iQ@2M/ /2Hv 7Q` MmK#2` Q7 /Bz2`2Mi KQ#BH2 i`MbKBii2`bX b i?2 MmK#2` Q7 KQ#BH2
i`MbKBii2`b BM+`2b2b- i?2 /2Hv BM+`2b2b HBM2`Hv 7Q` Q#pBQmb `2bQMbX "mi rBi? i?2 "h- b2+@
QM/`v i`MbKBii2`b +QmH/ mb2 i?2 +?MM2H /m`BM; i?2 BMi2`K2/Bi2 biQT T2`BQ/ Q7 i?2 T`BK`v
i`MbKBii2`X h?Bb `2/m+2b i?2 2M/@iQ@2M/ Hi2M+v 7Q` 2+? KQ#BH2 i`MbKBii2`- b 2pB/2Mi BM
};m`2X eXR9UVX
aBKBH`Hv- };m`2X eXR8 +QKT`2b i?2 2M/@iQ@2M/ T+F2i HQbb `i2 Q7 2+? i`MbKBii2` mbBM; irQ
TT`Q+?2bX h?2 "h ?b i?2 HQr2bi T+F2i HQbb `i2 Q7 HH i?2 i`MbKBii2`b /m2 iQ Bib QMHBM2
HBMF [mHBiv 2biBKiBQMX h?2 "b2HBM2 TT`Q+? /B/ MQi 2biBKi2 i?2 mM/2`HvBM; HBMF [mHBiv
r?B+? i`MbKBii2/ T+F2ib 2p2M /m`BM;  #/ [mHBiv /m`iBQM `2bmHiBM; BM  ?B;? T+F2i HQbb QM
bQK2 HBMFb- i?Bb HQbb rb b ?B;? b 3yWX h?2 "h 2{+B2MiHv /Ti2/ i?2 T+F2i i`MbKBbbBQM
#b2/ QM i?2 /TiBp2 HBMF [mHBiv 2biBKiBQM- `2bmHiBM; BM `2/m+iBQM Q7 i?2 T+F2i HQbb `i2X
AM bmKK`v- i?2 "h +?B2p2/  `2/m+iBQM Q7 kyW iQ 8kW 2M/@iQ@2M/ /2Hv b +QKT`2/ rBi?
i?2 "b2HBM2 TT`Q+?X Ai `2/m+2/ Bib T+F2i HQbb #v R9W iQ 93WX
eXd amKK`v
JQ#BHBiv ?b  ?B;? BKT+i QM HBMF [mHBiv ~m+imiBQM M/ KQbi Q7 i?2 T`QiQ+QHb BM b2MbQ`
M2irQ`Fb 7Q+mb QMHv QM #mHF i`MbKBbbBQM M/ /Q MQi //`2bb Bbbm2b `2Hi2/ iQ i?2 iBK2@p`vBM;
eXdX amKK`v Ry8























6B;m`2 eXR9, p2`;2 1M/@iQ@2M/ .2Hv BM  JmHiBTH2 h`MbKBii2` JmHiB@?QT a+2M`BQX























6B;m`2 eXR8, p2`;2 1M/@iQ@2M/ S+F2i GQbb _i2 BM  JmHiBTH2 h`MbKBii2` JmHiB@?QT a+2@
M`BQX
Rye *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
+?`+i2`BbiB+b Q7 i?2 rB`2H2bb +?MM2HX b  `2bmHi- i?2v bmz2` 7`QK ?B;? T+F2i HQbb M/ ?B;?
2M2`;v rbi2X AM +QMi`bi- Qm` rQ`F BM i?Bb +?Ti2`- MQi QMHv 7Q+mb2/ QM T`QpB/BM;  ?B;?
i?`Qm;?Tmi #mi HbQ QM T`QpB/BM; /miv@+v+H2 U#v b2iiBM; MQ/2b mT iQ bH22T /m`BM; TQQ` +?MM2H
+QM/BiBQMbVX Pm` TT`Q+? 2M#H2b i?2 J* T`QiQ+QH iQ H2`M i?2 +?MM2H +?`+i2`BbiB+b- /Ti
[mB+FHv- M/ b+?2/mH2 T+F2i i`MbKBbbBQM ++Q`/BM;HvX
h?Bb +?Ti2` T`QTQb2/ M /TiBp2 #m`bi i`MbKBbbBQM U"hV T`QiQ+QH iQ T`QpB/2 ?B;? i?`Qm;?@
Tmi M/ /TiBp2 /miv@+v+H2b BM rB`2H2bb b2MbQ` M2irQ`Fb r?B+? ++QKKQ/i2 KQ#BH2 MQ/2bX
h?2 "h /2Hb rBi? HBMF ~m+imiBQM #v 2biBKiBM; i?2 /m`iBQMb Q7 ;QQ/ M/ #/ bii2b 7`QK
i?2 biiBbiB+b Q7 BM+QKBM; *E T+F2ibX h?2 "h HbQ /Tib i?2 bBx2 Q7 i?2 ?BbiQ`v ``v iQ
BKT`Qp2 i?2 [mHBiv Q7 i?2 T`2/B+iBQMX 1+? MQ/2 BM i?2 "h /Tib Bib /miv@+v+H2 #b2/ QM
Bib i`{+ ~Qr M/ mM/2`HvBM; HBMF [mHBivX 6m`i?2`KQ`2- i?2 "h 2M#H2b M2B;?#Qm` MQ/2b iQ
b?`2 BM7Q`KiBQM T2`iBMBM; iQ HBMF bii2b M/- i?2`2#v- iQ +?B2p2 #2ii2` +?MM2H mb2X
hQ 2pHmi2 i?2 T2`7Q`KM+2 Q7 "h T`QiQ+QH rBi? i?2 bii2@Q7@i?2@`i TT`Q+?2b- i?2 "h-
i?2 "6 M/ i?2 MAC3 `2 BKTH2K2Mi2/ BM hBMvPa M/ /2THQv2/ QM h2HQb" b2MbQ` MQ/2bX
1ti2MbBp2 2tT2`BK2Mib `2 T2`7Q`K2/ BM  KmHiB@?QT KQ#BH2 rB`2H2bb b2MbQ` M2irQ`FX h?2 BK
Q7 i?2b2 2tT2`BK2Mib Bb iQ +QKT`2 i?`Qm;?Tmi M/ 2M/@iQ@2M/ Hi2M+v BM  KQ#BHBiv 2M#H2/
KmHiB@?QT rB`2H2bb b2MbQ` M2irQ`FbX h?2 `2bmHi Q7 i?2 2tT2`BK2Mib +QM+Hm/2 i?i i?2 "h
rb #H2 iQ +?B2p2  ?B;?2` i?`Qm;?Tmi- KBMBKmK T+F2i i`MbKBbbBQM iBK2- M/ H2bb 2M2`;v
+QMbmKTiBQM BM i?2 2tBbi2M+2 Q7 bB;MB}+Mi BMi2`72`2M+2 M/ KQ#BHBivX
AM +QKT`BbQM iQ i?2 bii2@Q7@i?2@`i TT`Q+?2b- i?2 "h BKT`Qp2b i?2 i?`Qm;?Tmi mTiQ 9W
UrBi? i?2 KB+`Qrp2 b2iiBM;V- mTiQ j9W UrBi? qB6BV- M/ mTiQ jeW UrBi? KQ#BHBivV M/ `2/m+2b
2M2`;v +QMbmKTiBQM mTiQ dW UKB+`Qrp2V- mTiQ j3W UqB6BV M/ mTiQ 9kW UKQ#BHBivVX h?2
+Q``2bTQM/BM; +Qbi Bb M BMi2MbBp2 #+F;`QmM/ +QKTmiiBQM iQ mT/i2 i?2 bvbi2KǶb #2HB27b T2`@
iBMBM; iQ i?2 2tT2+i2/ /m`iBQM Q7 ;QQ/ M/ #/ bii2bX HbQ- BM  KmHiB@?QT b+2M`BQ- i?2 "h
Bb #H2 iQ BKT`Qp2 i?`Qm;?Tmi mTiQ 9yW /m2 iQ 2{+B2MiHv mbBM; +?MM2H +T+Biv #v b?`BM;
HBMF [mHBiv BM7Q`KiBQMX aBKBH`Hv- BM KmHiBTH2 i`MbKBii2` b+2M`BQ i?2 "h `2/m+2 2M/@iQ@2M/
/2Hv mTiQ 8kW M/ T+F2i HQbb mTiQ 93W +QKT`2/ iQ i?2 "b2HBM2 TT`Q+?X h?2 `2bQM 7Q`
i?Bb #2BM; Bib /TiBp2 M/ 2{+B2Mi HBMF 2biBKiBQM bi`i2;vX JQ`2Qp2`- "h b?Qr2/ i?i #v
b?`BM; HBMF [mHBiv BM7Q`KiBQM- i?2 p2`;2 i?`Qm;?Tmi Q7 i?2 M2irQ`F +QmH/ #2 BKT`Qp2/ M/
2M/@iQ@2M/ Hi2M+v +QmH/ #2 `2/m+2/ BM  KmHiB@?QT M2irQ`FX h?2 "h Bb 2bBHv BMi2;`#H2 rBi?
2tBbiBM; Q` T`QTQb2/ J* T`QiQ+QHb M/ +QKTHB2b rBi? i?2 2tBbiBM; A111 3ykXR8X9 bT2+B}+iBQMX
eXdX amKK`v Ryd
q2 #2HB2p2 i?i i?2 "h +M H2p2`;2 `QmiBM; M/ i`MbTQ`i Hv2` T`QiQ+QHb iQ 7m`i?2` BKT`Qp2
2M2`;v 2{+B2M+v mM/2` BMi2`72`2M+2 M/ KQ#BHBivX
Ry3 *?Ti2` eX  GBMF ZmHBiv 1biBKiBQM JQ/2H iQ amTTQ`i JQ#BH2 LQ/2b BM qaLb
*?Ti2` d
*QKT`BbQM Q7 i?2 S`QTQb2/
TT`Q+?2b
hQ +QKT`2 M/ pHB/i2 i?2 T2`7Q`KM+2 Q7 i?2 T`QTQb2/ TT`Q+?2b BM i?Bb i?2bBb 2ti2MbBp2
2tT2`BK2Mib r2`2 T2`7Q`K2/ #v HvBM;  i2bi#2/ BM /Bz2`2Mi 2MpB`QMK2MibX h?2 T2`7Q`KM+2 Q7
Q|BM2- QMHBM2- M/ ?v#`B/ TT`Q+?2b `2 +QKT`2/ mbBM; T2`7Q`KM+2 K2i`B+b T+F2i bm++2bb
`i2- i?`Qm;?Tmi- M/ 2M2`;v +QMbmKTiBQMX h?2 ?v#`B/ M/ QMHBM2 TT`Q+?2b ǵ>@.J"Ƕ M/
ǵ"hǶ `2bT2+iBp2Hv- `2 BKTH2K2Mi2/ M/ BMi2;`i2/ BM i?2 hBMvPa 7Q` h2HQb" THi7Q`KX >Qr@
2p2`- 7Q` i?2 Q|BM2 TT`Q+? ǵ.J"Ƕ- 2pHmi2/ `2bmHib `2 mTHQ/2/ BM h2HQb" MQ/2b mbBM; 
HQQF@mT i#H2 iQ b+?2/mH2 T+F2ib 7Q` +QKKmMB+iBQM BM `2H@iBK2X h?2 #BHBiv iQ KQ/2H /Bz2`2Mi
p`BiBQMb #v HH i?2 T`QTQb2/ b+?2K2b BM #Qi? biiB+ M/ KQ#BH2 2MpB`QMK2Mib `2 +QKT`2/
rBi? i?2 HBKBiiBQM Q7 2+? b+?2K2 +H2`Hv /2}M2/X
dXR h`MbKBbbBQM S`K2i2`b M/ L2irQ`F hQTQHQ;v
hQ 2bi#HBb? HBMFb rBi? /Bz2`2Mi [mHBiv i`MbKBbbBQM T`K2i2`b bm+? b i`MbKBbbBQM TQr2`-
/BbiM+2 #2ir22M i?2 i`Mb+2Bp2`b M/ BMi2`@T+F2i@BMi2`pH `2 mb2/X h#H2 dXR bmKK`Bb2b bQK2
Q7 i?2 T`K2i2`b i?i `2 BM+Hm/2/ BM i?2 2tT2`BK2MiH b2i mTX A /B/ MQi mb2 HQr@TQr2` HBbi2MBM;
J* M/ `QmiBM; T`QiQ+QHb b QTiBKBbBM; /miv@+v+H2 M/ KmHiB@?QT +QKKmMB+iBQM rb MQi i?2
7Q+mb Q7 i?2b2 2tT2`BK2MibX JQ`2 i?M R KBHHBQM T+F2ib r2`2 i`MbKBii2/ 7Q` KQ/2HHBM; M/
T2`7Q`KM+2 2pHmiBQMX 6Q` KM;BM; M/ HQ;;BM; /i bm++2bb7mHHv BMiQ  b2MbQ` MQ/2 K2KQ`v-
RyN
RRy *?Ti2` dX *QKT`BbQM Q7 i?2 S`QTQb2/ TT`Q+?2b
GQ+iBQM GQ##v
Pp2`HH i`MbKBii2/ T+F2ib RXk KBHHBQM
AMi2`@T+F2i i`MbKBbbBQM BMi2`pH ky-Ryy Kb
h`MbKBbbBQM TQr2` @k8-@R8-@Ry /"K
.BbiM+2 8 iQ 8y K
JQ#BHBiv Sii2`M ai`B;?i HBM2 qHF- _M/QK qHF
aT22/ RXy@kX8 Kfb
S+F2i bBx2 k3 "vi2





UV aiiB+ HQ##v /2THQvK2Mi U#V JQ#BH2 HQ##v /2THQvK2Mi
6B;m`2 dXR, L2irQ`F hQTQHQ;v
 ky Kb BMi2`@T+F2i BMi2`pH UASAV rb BMb2`i2/ #2ir22M 2+? T+F2i /m`BM; i?2 i`MbKBbbBQM
Q7 T+F2ib BM #m`biX 1+? 2tT2`BK2Mi rb T2`7Q`K2/ Ry iBK2b iQ `2KQp2 `/BQ B``2;mH`BivX
6B;m`2 dXR b?Qrb i?2 M2irQ`F b2imT mb2/ iQ +QM/m+i i?2 2tT2`BK2MibX
dXk aiiB+ a+2M`BQ
h?2 i2bi#2/ rb /2THQv2/ BM i?2 HQ##v Q7 i?2 M/`2b S}ixKMM "mX h?2 M2irQ`F +QMbBbib
Q7 i?`22 TB`b Q7 i`MbKBii2`b M/ `2+2Bp2`b 7Q`KBM; i?`22 /Bz2`2Mi HBMF [mHBiB2bX 6B;m`2 dXRUV
b?Qrb i?2 2tT2`BK2MiH b2imT Q7 biiB+ /2THQvK2MiX h?2 T`K2i2`b mb2/ iQ 2bi#HBb? i?2b2
HBMFb `2 bmKK`Bb2/ BM h#H2 dXkX Pmi Q7 HH i?2 T`K2i2`b K2MiBQM2/- i`MbKBbbBQM TQr2`
M/ /BbiM+2 #2ir22M i?2 i`Mb+2Bp2`b KQbi z2+i i?2 [mHBiv Q7 HBMFX
dXkX aiiB+ a+2M`BQ RRR
GBMFR GBMFk GBMFj
.BbiM+2 UKV 3 RN j8
SQr2` U/"KV @k8 @R8 @Ry
GQ+iBQM AM/QQ` AM/QQ` AM/QQ`
ASA UKbV ky ky ky
h#H2 dXk,  amKK`v Q7 S?vbB+H S`K2i2`b lb2/ iQ 1bi#HBb? i?2 GBMFbX
dXkXR S+F2i am++2bb _i2 M/ h?`Qm;?Tmi
hQ +QKT`2 i?2 2{+B2M+v Q7 HH i?2 T`QTQb2/ KQ/2Hb- i?2 T+F2i bm++2bb `i2 Bb K2bm`2/ QM
i?`22 HBMFb- b b?QrM BM };m`2 dXkUVX 1+? b+?2K2 i`MbKBii2/ 8yyy T+F2ib bm++2bb7mHHv QM
2+? HBMF M/ i?2 2tT2`BK2Mib r2`2 `2T2i2/ Ry iBK2bX h?2 ?v#`B/ b+?2K2 >@.J" ?b i?2
?B;?2bi T+F2i bm++2bb `i2 QM HH i?2 HBMFb #2+mb2 #2+mb2 Q7 ?Qr 2{+B2MiHv Bi 2biBKi2b +Q``2+i
#m`bi bBx2X h?2 >@.J" TT`Q+? KQ/2Hb HQM;@i2`K HBMF [mHBiv ~m+imiBQMb BM M Q|BM2 T?b2
iQ /2i2`KBM2 i?2 bBx2 Q7 #m`biX Ai Bb bmTTQ`i2/ #v `2H@iBK2 722/#+F BM M QMHBM2 T?b2 iQ /2H
rBi? b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMb- ?2M+2 `2bmHiBM; BM  ?B;?2` T+F2i bm++2bb `i2X h?2
.J" KQ/2H ?b i?2 HQr2bi T+F2i bm++2bb `i2 BM +QKT`BbQM iQ i?2 Qi?2` irQ TT`Q+?2bX
>Qr2p2`- #Qi? .J" M/ >@.J" KQ/2Hb mb2b i?2 bK2 Ki?2KiB+H H;Q`Bi?K iQ KQ/2H HBMF
[mHBiv ~m+imiBQMX h?2 QMHv /Bz2`2M+2 #2ir22M i?2 .J" M/ i?2 >@.J" KQ/2H Bb i?2 `2H@
iBK2 722/#+F //2/ 7Q` i?2 ?v#`B/ TT`Q+?X h?Bb //BiBQMH 72im`2 ?B;?HB;?ib i?2 BKTQ`iM+2
Q7 /2HBM; rBi? b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMbX h?2 T+F2i bm++2bb `i2 Q7 i?2 "h Bb j iQ
RyW- H2bb i?M i?i Q7 i?2 >@.J" TT`Q+? #2+mb2 i?2 "h TTHB2b  7bi /2i2+iBQM bi`i2;v
#v i`MbKBiiBM;  }t2/ MmK#2` Q7 ǵMǶ T+F2ib BM #m`bi 7Q`  b?Q`i /m`iBQM /m`BM; TQQ` +?MM2H
+QM/BiBQMbX h?Bb ?2HTb /2i2+i i?2 +?M;2 BM HBMF [mHBiv 7`QK  TQQ` iQ  ;QQ/ bii2X PM i?2
QM2 bB/2- i?Bb bi`i2;v `2/m+2b i?2 T+F2i bm++2bb `i2- #mi QM i?2 Qi?2` bB/2 Bi BM+`2b2b i?2
i?`Qm;?Tmi b b?QrM BM };m`2 dXkU#VX h?2 "h ?b i?2 ?B;?2bi i?`Qm;?Tmi QM HH i?2 HBMFb
r?2`2 i?2 .J" ?b i?2 HQr2bi i?`Qm;?Tmi /m2 iQ  }t2/ #m`bi bBx2 M/ #2BM; mM#H2 iQ /2i2+i
b?Q`i@i2`K HBMF [mHBiv ~m+imiBQMX "h +?B2p2b #2ir22M R8 iQ 98W ;BM BM i?`Qm;?Tmi BM
+QKT`BbQM iQ >@.J" M/ .J"X
dXkXk 1M2`;v *QMbmKTiBQM
1M2`;v +QMbmKTiBQM Bb QM2 Q7 i?2 bB;MB}+Mi T2`7Q`KM+2 K2i`B+b mb2/ BM rB`2H2bb b2MbQ` M2i@
rQ`FbX h?2 uQFQ;r /B;BiH TQr2` MHvb2` UqhkRyV Bb +QMM2+i2/ iQ i?2 i`MbKBii2` MQ/2






















































) DMB H−DMB ABT
U#V h?`Qm;?Tmi
6B;m`2 dXk,  *QKT`BbQM Q7 i?2 S+F2i am++2bb _i2 M/ h?`Qm;?Tmi Q7 i?2 h?`22 "m`bi
h`MbKBbbBQM TT`Q+?2b 7Q` .Bz2`2Mi qB`2H2bb GBMFb BM aiiB+ a+2M`BQX
iQ K2bm`2 2M2`;v +QMbmKTiBQMX 6Q` 2tT2`BK2MiH Tm`TQb2b- HH i?2 T`QTQb2/ b+?2K2b `2 `2@
[mB`2/ iQ i`MbKBi 8yyy T+F2ib bm++2bb7mHHv- K2MBM; HQbi T+F2ib `2 `2i`MbKBii2/X 1+?
2tT2`BK2Mi Bb `2T2i2/ Ry iBK2b M/ b T`2pBQmbHv b?QrM- M 2``Q` #` Bb THQii2/X 1+? b2M/2`
MQ/2 brBi+?2b Qz Bib `/BQ /m`BM; i?2 Tmb2 iBK2 iQ bp2 2M2`;vX h?2 h2HQb" MQ/2b +QMbmK2
yXy8 riib Q7 TQr2` 2p2`v iBK2 i?2v i`MbKBiX 6B;m`2 dXj b?Qrb i?2 2M2`;v +QMbmKTiBQM Q7
HH i?2 i`MbKBbbBQM b+?2K2bX h?2 .J" KQ/2H ?b i?2 ?B;?2bi TQr2` +QMbmKTiBQMX >@.J"
TT`Q+? +QMbmK2b i?2 H2bi KQmMi Q7 2M2`;v /m2 iQ `2i`MbKBiiBM; i?2 HQr2bi MmK#2` Q7 HQbi
T+F2ib b 2pB/2Mi 7`QK T`2pBQmb `2bmHibX h?2 `2bQM Bb i?2 2{+B2Mi KQ/2HHBM; Q7 HQM;@i2`K
HBMF [mHBiv ~m+imiBQM +QK#BM2/ rBi? `2H@iBK2 722/#+F iQ BKT`Qp2 +?MM2H bii2 T`2/B+iBQMX
h?2 >@.J" TT`Q+? BKT`Qp2b 2M2`;v +QMbmKTiBQM mTiQ RyW BM +QKT`BbQM iQ i?2 "h M/
mTiQ k8W BM +QKT`BbQM iQ i?2 .J" K2i?Q/X 1+? b2MbQ` MQ/2 brBi+?2b Qz Bib `/BQ BM Tmb2
/m`iBQM ?2M+2- Bi /Q2b MQi +QMbmK2 Mv 2M2`;vX AM 7+i- i?2 MQ/2 QMHv +QMbmK2b 2M2`;v r?2M
Bi i`MbKBib i?2 T+F2iX h?2 b+?2K2 i?i `2i`MbKBib i?2 ?B;?2bi MmK#2` Q7 T+F2ib +QMbmK2b
i?2 KQbi 2M2`;vX





















6B;m`2 dXj,  *QKT`BbQM Q7 1M2`;v *QMbmKTiBQM lbBM; i?2 h?`22 "m`bi h`MbKBbbBQM T@
T`Q+?2b 7Q` .Bz2`2Mi qB`2H2bb GBMFb BM  aiiB+ a+2M`BQX
dXj JQ#BH2 a+2M`BQ
hQ bim/v i?2 BKT+i Q7 KQ#BHBiv BM rB`2H2bb b2MbQ` M2irQ`Fb- KQ#BH2 MQ/2b `2 /2THQv2/ M/
};m`2 dXRU#V b?Qrb i?2 2tT2`BK2MiH b2imT Q7 i?Bb KQ#BH2 /2THQvK2MiX h?2 M2irQ`F +QMbBbib
Q7  KQ#BH2 MQ/2 +``B2/ #v  ?mKM #v ?M/X h?2 ?mKM rHFb BMiQ i?2 HQ##v `2- i?2
/BK2MbBQMb Q7 r?B+? `2 9yK t RyK t dyK UH2M;i?- rB/i?- ?2B;?iVX h?2 ?mKM 7QHHQrb irQ
KQ#BHBiv Tii2`Mb, URV `M/QK rHF, BM r?B+? i?2 ?mKM +``vBM;  b2M/2` MQ/2 rHFb `M/QKHv
`QmM/ i?2 HQ##v `2 UkV bi`B;?i HBM2 rHF, BM r?B+? i?2 ?mKM +``vBM; i?2 b2M/2` MQ/2
KQp2b rv 7`QK i?2 `2+2Bp2` BM  bi`B;?i HBM2 mMiBH i?2 HBMF #2ir22M i?2K /Bb+QMM2+ibX h?2
i`MbKBbbBQM TQr2` Bb b2i iQ @k8 /"K 7Q` #Qi? KQp2K2Mi Tii2`MbX h#H2 dXk bmKK`Bb2b Qi?2`
i`MbKBbbBQM T`K2i2`b mb2/ BM i?2b2 2tT2`BK2MibX
dXjXR S+F2i am++2bb _i2 M/ h?`Qm;?Tmi
AM i?2 KQ#BH2 b+2M`BQ- 2tT2`BK2Mib r2`2 T2`7Q`K2/ rBi? i?2 `2[mB`2K2Mi i?i HH i?2 b+?2K2b
i`MbKBi 8yyy T+F2ib bm++2bb7mHHv rBi? 2+? KQ#BHBiv Tii2`MX 6B;m`2 dX9 b?Qrb i?2 T+F2i
bm++2bb `i2 M/ i?`Qm;?Tmi Q7 i?2 T`QTQb2/ b+?2K2 rBi? irQ KQ#BHBiv Tii2`MbX h?2 "h ?b
i?2 ?B;?2bi T+F2i bm++2bb `i2 M/ i?`Qm;?Tmi rBi?  `M/QK@rHF KQ#BHBiv Tii2`MX h?Bb Bb
/m2 iQ i?2 2{+B2Mi 2biBKiBQM Q7 b?Q`i@i2`K HBMF [mHBiv ~m+imiBQM +?B2p2/ #v /TiBM; i?2
RR9 *?Ti2` dX *QKT`BbQM Q7 i?2 S`QTQb2/ TT`Q+?2b























UV S+F2i am++2bb _i2




























) DMB H−DMB ABT
U#V h?`Qm;?Tmi
6B;m`2 dX9,  *QKT`BbQM Q7 i?2 S+F2i am++2bb _i2 M/ h?`Qm;?Tmi Q7 i?2 h?`22 "m`bi
h`MbKBbbBQM TT`Q+?2b 7Q` .Bz2`2Mi qB`2H2bb GBMFb BM  JQ#BH2 a+2M`BQX
bBx2 Q7 i?2 ?BbiQ`v ``v BM `2H@iBK2X q?BH2 rHFBM; `M/QKHv- i?2 KQ#BH2 MQ/2 bivb rBi?BM i?2
+QMM2+i2/ `2;BQM- i?2`2#v 2t?B#BiBM; b?Q`i@i2`K HBMF [mHBiv ~m+imiBQM r?B+? Bb r2HH KQ/2HH2/
#v i?2 "hX q?BH2 7QHHQrBM; i?2 bi`B;?i HBM2 rHF Tii2`M- i?2 KQ#BH2 MQ/2 KQp2b rv 7`QK
i?2 `2+2Bp2` mMiBH i?2 HBMF #2ir22M i?2K Bb /Bb+QMM2+i2/X Ai i?2M bivb BM i?Bb /Bb+QMM2+i2/
`2;BQM 7Q`  `M/QK /m`iBQM #27Q`2 2Mi2`BM; i?2 +QMM2+i2/ `2;BQM ;BMX h?2`27Q`2- Bi 2t?B#Bib
HQM;@iQ@KB//H2@i2`K HBMF [mHBiv ~m+imiBQMX 6B;m`2 dX9UV b?Qrb i?i i?2 >@.J" TT`Q+?
?b i?2 ?B;?2bi T+F2i bm++2bb `i2 7Q`  bi`B;?i HBM2 rHF /m2 iQ 2{+B2Mi KQ/2HHBM; Q7 HQM;@
iQ@KB//H2@i2`K HBMF [mHBiv BM i?2 /Bb+QMM2+i2/ `2;BQMX
>Qr2p2`- i?2 "h ?b i?2 ?B;?2bi i?`Qm;?Tmi 7Q` #Qi? KQ#BHBiv Tii2`Mb ;Bp2M i?i Bi 2KTHQvb
M /TiBp2 #m`bi bBx2 M/ [mB+FHv /2i2+i +?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M/ EHmbX qX hQr`/b b?Q`i@i2`K rB`2H2bb HBMF
[mHBiv 2biBKiBQMX >Qi1KL2ibkyy3- kyy3X
("JS*y3) "2MFB+XEX- JHDM2`XJX- SHMBMbB+XS- M/ *m+2DXwX lbBM; `bbB pHm2 7Q` /BbiM+2
2biBKiBQM BM rB`2H2bb b2MbQ` M2irQ`Fb #b2/ QM xB;#22X AM kyy3 R8i? AMi2`MiBQMH
*QM72`2M+2 QM avbi2Kb- aB;MHb M/ AK;2 S`Q+2bbBM;- T;2b jyjĜjye- CmM2 kyy3X
("__R9) "`QrMXCX- _Q2/B;Xl- "QMQX*X - M/ _ƺK2`XEX 1biBKiBM; T+F2i `2+2TiBQM `i2
BM MQBbv 2MpB`QMK2MibX AM jNi? MMmH A111 *QM72`2M+2 QM GQ+H *QKTmi2` L2i@
rQ`Fb qQ`Fb?QTb- T;2b 83jĜ8NR- a2Ti kyR9X
(**kyd) *?BT+QM **k9ky .ib?22i, ?iiT,ff7Q+mbXiBX+QKfHBif/bfbvKHBMFf++k9kyXT/7-
h2tb AMbi`mK2Mib- kyydX
(**kyN) *?BT+QM **k8RR .ib?22i,?iiT,ffrrrXiBX+QKfHBif/bfbvKHBMFf++k8RRXT/7- h2tb
AMbi`mK2Mib- kyyNX
"A"GAP:_S>u RjR
(*.w:Rd) *?2MX:X- .QM;Xq- w?QXwX- M/ :mXhX hQr`/b ++m`i2 +Q``mTiBQM 2biBKiBQM
BM xB;#22 mM/2` +`Qbb@i2+?MQHQ;v BMi2`72`2M+2X AM kyRd A111 jdi? AMi2`MiBQMH
*QM72`2M+2 QM .Bbi`B#mi2/ *QKTmiBM; avbi2Kb UA*.*aV- T;2b 9k8Ĝ9j8- CmM2 kyRdX
(*E"+R9) GBM;X *- *?2MX E- S`BvMi?X LX "- GBmX C- M/ w?QX 6X _mb?M2i, S`+iB+H
i`{+ T`BQ`BiBxiBQM 7Q` bim`i2/ rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2
Rki? *J *QM72`2M+2 QM 1K#2//2/ L2irQ`F a2MbQ` avbi2Kb- a2Mavb ǶR9- T;2b
Ry8ĜRR3- L2r uQ`F- Lu- la- kyR9X *JX
(*GSRy) :mM;Q`XoX *- GmX"- M/ >M+F2X:X SX PTTQ`imMBiB2b M/ +?HH2M;2b Q7 rB`2@
H2bb b2MbQ` M2irQ`Fb BM bK`i ;`B/X A111 h`Mb+iBQMb QM AM/mbi`BH 1H2+i`QMB+b-
8dURyV,j88dĜj8e9- P+i kyRyX
(*J/a+yd) GmBx >XX *- .MB2H 6X J- H/`B GX /Qb a- MiQMBQ X6X G- M/ CQbû J aX LX
h`MbKBbbBQM TQr2` +QMi`QH i2+?MB[m2b 7Q` rB`2H2bb b2MbQ` M2irQ`FbX *QKTmi2`
L2irQ`Fb- 8RURdV,9de8 Ĝ 9ddN- kyydX
(.y3) 6`2/`BFX ƹ M/ /KX .X TT`Q+?BM; i?2 KtBKmK 3ykXR8X9 KmHiB@?QT i?`Qm;?@
TmiX kyy3X
(."Cye) aQMX .- E`Bb?MK+?`BX "- M/ >2B/2KMMX CX 1tT2`BK2MiH bim/v Q7 +QM+m``2Mi
i`MbKBbbBQM BM rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 9i? AMi2`MiBQMH
*QM72`2M+2 QM 1K#2//2/ L2irQ`F2/ a2MbQ` avbi2Kb- a2Mavb Ƕye- T;2b kjdĜk8y-
L2r uQ`F- Lu- la- kyyeX *JX
(.*R9) JMDmMi?X . M/ JmMX *X*X Sj,  T`+iB+H T+F2i TBT2HBM2 mbBM; bvM+?`QMQmb
i`MbKBbbBQMb 7Q` rB`2H2bb b2MbQ` M2irQ`FbX AM ASaL R9- T;2b kyjĜkR9- T`BH kyR9X
(.*>wRe) GBmX .- *QXw- >QmXJ- M/ w?M;XuX 6`K2 +QmMi2`, +?B2pBM; ++m`i2 M/
`2H@iBK2 HBMF 2biBKiBQM BM HQr TQr2` rB`2H2bb b2MbQ` M2irQ`FbX AM kyRe R8i?
*JfA111 AMi2`MiBQMH *QM72`2M+2 QM AM7Q`KiBQM S`Q+2bbBM; BM a2MbQ` L2i@
rQ`Fb UASaLV- T;2b RĜRk- T`BH kyReX
(.*GRj) JMDmMi? X.- JmMX *X *- M/ "2MX GX aTHb?, 6bi /i /Bbb2KBMiBQM rBi? +QM@
bi`m+iBp2 BMi2`72`2M+2 BM rB`2H2bb b2MbQ` M2irQ`FbX AM S`2b2Mi2/ b T`i Q7 i?2 Ryi?
la1LAs avKTQbBmK QM L2irQ`F2/ avbi2Kb .2bB;M M/ AKTH2K2MiiBQM ULa.A
RjV- T;2b keNĜk3k- GQK#`/- AG- kyRjX la1LAsX
Rjk "A"GAP:_S>u
(.>Rd) Sv2QMX . M/ uQQMX >X M 2{+B2Mi KmHiB@Ti? TBT2HBM2 i`MbKBbbBQM 7Q`  #mHF
/i i`Mb72` BM B222 3ykXR8X9 KmHiB@?QT M2irQ`FbX qB`2H2bb L2irQ`Fb- CmM kyRdX
(.Ca+y9) ;mvQX .- "B+F2iX C- "BbrbX a- Cm//X :- M/ JQ``BbX _X GBMF@H2p2H K2bm`2K2Mib
7`QK M 3ykXRR# K2b? M2irQ`FX AM S`Q+22/BM;b Q7 i?2 kyy9 *QM72`2M+2 QM TTHB+@
iBQMb- h2+?MQHQ;B2b- `+?Bi2+im`2b- M/ S`QiQ+QHb 7Q` *QKTmi2` *QKKmMB+iBQMb-
aA:*PJJ Ƕy9- T;2b RkRĜRjk- L2r uQ`F- Lu- la- kyy9X *JX
(.E6+Rj) *`QX:X X .B- Em/2HbFBXJ- 6Hmb?BM;X1X 6- L;BXC- ?K2/XA- M/ :K#`/2HHXGX
JX PMHBM2 bmT2`pBb2/ BM+`2K2MiH H2`MBM; Q7 HBMF [mHBiv 2biBKi2b BM rB`2H2bb M2i@
rQ`FbX AM kyRj Rki? MMmH J2/Bi2``M2M / >Q+ L2irQ`FBM; qQ`Fb?QT UJ1.@
>P*@L1hV- T;2b RjjĜR9y- CmM2 kyRjX
(.SJ+RR) aQH2// X1X .- C2bȹbX *X S- H2DM/`QX *X J- J`BX* XJ- M/ "Q`DX "X :X 
MQp2H K2i?Q/QHQ;v 7Q` i?2 KQMBiQ`BM; Q7 i?2 ;`B+mHim`H T`Q/m+iBQM T`Q+2bb #b2/
QM rB`2H2bb b2MbQ` M2irQ`FbX *QKTmi2`b M/ 1H2+i`QMB+b BM ;`B+mHim`2- deUkV,k8k
Ĝ ke8- kyRRX
(.oy8) hb2X . M/ oBbrMi?XSX 6mM/K2MiHb Q7 qB`2H2bb *QKKmMB+iBQMX *K#`B/;2
lMBp2`bBiv S`2bb- L2r uQ`F- Lu- la- kyy8X
(1_+ye) 1`iBMX 1- `Q`X - _KMi?X _- LBFX o- "TiX a- EmHi?mKMBX o- a`B/?`MX
J- w?M;X >- *QX >- M/ L2bi2`2MFQX JX EMb2B,  i2bi#2/ 7Q` b2MbBM; i b+H2X
AM S`Q+22/BM;b Q7 i?2 8i? AMi2`MiBQMH *QM72`2M+2 QM AM7Q`KiBQM S`Q+2bbBM; BM
a2MbQ` L2irQ`Fb- ASaL Ƕye- T;2b jNNĜ9ye- L2r uQ`F- Lu- la- kyyeX *JX
(1.wyN) >QbbBMX 1- LBviQX .- M/ >MX wX .vMKB+ aT2+i`mK ++2bb M/ JM;2K2Mi
BM *Q;MBiBp2 _/BQ L2irQ`FbX *K#`B/;2 lMBp2`bBiv S`2bb- L2r uQ`F- Lu- la-
Rbi 2/BiBQM- kyyNX
(6:CGyd) _Q/`B;QX 6- PKT`Fb?X :- EvH2X C- M/ S?BHBTX GX 6Qm`@#Bi rB`2H2bb HBMF 2biBKiBQMX
AM >QiL2ib- kyydX
(6J"GRj) "Ƀb+?BM;X 6- "QiixxBX J- SƺiiM2`X qX "- M/ qQH7X GX .i@r#M, .Bb`mTiBQM
iQH2`Mi rB`2H2bb #Q/v `2 M2irQ`Fb BM ?2Hi?+`2 TTHB+iBQMbX AM kyRj A111
Ni? AMi2`MiBQMH *QM72`2M+2 QM qB`2H2bb M/ JQ#BH2 *QKTmiBM;- L2irQ`FBM; M/
*QKKmMB+iBQMb UqBJQ#V- T;2b RNeĜkyj- kyRjX
"A"GAP:_S>u Rjj
(6_Ry) _BH2vX : 6X M/ >2M/2`bQMX h _X h?2 Mb@j L2irQ`F aBKmHiQ`- T;2b R8Ĝj9X
aT`BM;2` "2`HBM >2B/2H#2`;- "2`HBM- >2B/2H#2`;- kyRyX
(6wGPRR) 62/2`B+QX 6- J`+QX w- h?B2H2X G- M/ amF?X PX 1{+B2Mi M2irQ`F ~QQ/BM; M/
iBK2 bvM+?`QMBxiBQM rBi? ;HQbbvX AM ASaL RR- T;2b djĜ39- T`BH kyRRX
(:Eq+yk) .22TFX :- "?bF`X E- H2+X q- .pB/ X*- .2#Q`?X 1- M/ ai2T?2MX qX *QKTH2t
#2?pBQ` i b+H2, M 2tT2`BK2MiH bim/v Q7 HQr@TQr2` rB`2H2bb b2MbQ` M2irQ`Fb-
kyykX
(:QHy8) X  :QH/bKBi?X qB`2H2bb *QKKmMB+iBQMbX *K#`B/;2 lMBp2`bBiv S`2bb- L2r uQ`F-
Lu- la- kyy8X
(:SJy8) q2`M2`XX :- arB2bFQrbFBX S- M/ q2Hb?X JX JQi2H#,  rB`2H2bb b2MbQ` M2i@
rQ`F i2bi#2/X AM S`Q+22/BM;b Q7 i?2 9i? AMi2`MiBQMH avKTQbBmK QM AM7Q`KiBQM
S`Q+2bbBM; BM a2MbQ` L2irQ`Fb- ASaL Ƕy8- SBb+irv- LC- la- kyy8X A111 S`2bbX
(:hay9) w?QmX :- >2X h- E`Bb?MKm`i?vX a- M/ aiMFQpB+X C X AKT+i Q7 `/BQ B``2;mH`Biv
QM rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 kL/ AMi2`MiBQMH *QM72`2M+2
QM JQ#BH2 avbi2Kb- TTHB+iBQMb- M/ a2`pB+2b- JQ#Bavb Ƕy9- T;2b Rk8ĜRj3- L2r
uQ`F- Lu- la- kyy9X *JX
(>`d8) CQ?M X >`iB;MX *Hmbi2`BM; H;Q`Bi?KbX CQ?M qBH2v  aQMb- AM+X- L2r uQ`F-
Lu- la- NNi? 2/BiBQM- RNd8X
(>>.Ry) _?mHX >- >bbMB2?X >- M/ Ei#BX .X aQm`+2bvM+,  /Bbi`B#mi2/ rB`2H2bb `@
+?Bi2+im`2 7Q` 2tTHQBiBM; b2M/2` /Bp2`bBivX AM aA:*PJJ ǶRy- T;2b RdRĜR3k- L2r
uQ`F- Lu- la- kyRyX *JX
(>>J+Rj) >mKXw- LB+FX _X >- :2QzX oX J- J`FX _- M/ L2BHX *X h?2 BKT+i Q7 ;`B+mHim`H
+iBpBiB2b QM ri2` [mHBiv,  +b2 7Q` +QHH#Q`iBp2 +i+?K2Mi@b+H2 KM;2K2Mi
mbBM; BMi2;`i2/ rB`2H2bb b2MbQ` M2irQ`FbX *QKTmi2`b M/ 1H2+i`QMB+b BM ;`B+mH@
im`2- Ne,Rke Ĝ Rj3- kyRjX
(>Ju+Ry) CmMX A X>- *`HQbX J- >û+iQ` Xu- Gm/rB;X oX .- CBK2X "- :#`B2HX o- M/ J`+2HQX
hX wB;#22@#b2/ rB`2H2bb b2MbQ` M2irQ`F HQ+HBxiBQM 7Q` +iiH2 KQMBiQ`BM; BM ;`x@
BM; }2H/bX *QKTmi2`b M/ 1H2+i`QMB+b BM ;`B+mHim`2- d9UkV,k83 Ĝ ke9- kyRyX
Rj9 "A"GAP:_S>u
(>PG+yN) HBxBX JX >- GM/bB2/2HX P- CƦ ;BH " GBMF- ai27M :ƺix- M/ E q2?`H2X "m`biv
i`{+ Qp2` #m`biv HBMFbX AM a2Mavb ǶyN- T;2b dRĜ39- L2r uQ`F- Lu- la- kyyNX
*JX
(C"l+RR) "`QrMX C- J+*`i?vX "- _Q2/B;X l- oQB;iX h- M/ a`22MMX * CX "m`biS`Q#2,
.2#m;;BM; hBK2@*`BiB+H .i .2HBp2`v BM qB`2H2bb a2MbQ` L2irQ`Fb- T;2b RN8Ĝ
kRyX aT`BM;2` "2`HBM >2B/2H#2`;- "2`HBM- >2B/2H#2`;- kyRRX
(C.C_y8) .2 *QmiQX . aX CX- ;mvQX .- "B+F2iX C- M/ JQ``BbX _X  ?B;?@i?`Qm;?Tmi Ti?
K2i`B+ 7Q` KmHiB@?QT rB`2H2bb `QmiBM;X qB`2HX L2irX- RRU9V,9RNĜ9j9- CmHv kyy8X
(C:y8) *``BHHQX C M/ hQb+MBX :X qbb2`bi2BM K2i`B+ M/ H`;2ĜiBK2 bvKTiQiB+b Q7
MQMHBM2` /BzmbBQM 2[miBQMb- T;2b k9yĜk89X kyy8X
(CG"+Ry) EQX C- GmX*- a`BpbipXJX "- aiMFQpB+XCX - h2`xBbX- M/ q2Hb?XJX qB`2H2bb
b2MbQ` M2irQ`Fb 7Q` ?2Hi?+`2X S`Q+22/BM;b Q7 i?2 A111- N3URRV,RN9dĜRNey- LQp
kyRyX
(CGsyk) *?M;HBX C- a+?rB2#2`iX GX- M/ "BMX smX PM KQ/2HBM; i?2 T+F2i 2``Q` biiBbiB+b
BM #m`biv +?MM2HbX AM GQ+H *QKTmi2` L2irQ`Fb- kyykX S`Q+22/BM;bX G*L kyykX
kdi? MMmH A111 *QM72`2M+2 QM- T;2b 8j9Ĝ89R- LQp kyykX
(CP6L+yN) 1`BFbbQMX C- ƹbi2`HBM/X 6- 6BMM2X L- hbB7i2bX L- .mMF2HbX - oQB;iX h- ami2`X _-
M/ J``ƦMX SX *QQDfKbTbBK, AMi2`QT2`#BHBiv i2biBM; 7Q` rB`2H2bb b2MbQ` M2i@
rQ`FbX AM S`Q+22/BM;b Q7 i?2 kL/ AMi2`MiBQMH *QM72`2M+2 QM aBKmHiBQM hQQHb
M/ h2+?MB[m2b- aBKmiQQHb ǶyN- T;2b kd,RĜkd,d- A*ah- "`mbb2Hb- "2H;BmK- "2H;BmK-
kyyNX A*ah UAMbiBimi2 7Q` *QKTmi2` a+B2M+2b- aQ+BH@AM7Q`KiB+b M/ h2H2+QKKm@
MB+iBQMb 1M;BM22`BM;VX
(C_yj) w?QX C M/ :QpBM/MX _X lM/2`biM/BM; T+F2i /2HBp2`v T2`7Q`KM+2 BM /2Mb2
rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 Rbi AMi2`MiBQMH *QM72`2M+2 QM
1K#2//2/ L2irQ`F2/ a2MbQ` avbi2Kb- a2Mavb Ƕyj- T;2b RĜRj- L2r uQ`F- Lu-
la- kyyjX *JX
(C_yd) S2FX C M/ :QpBM/MX _X _+`i, _i2@+QMi`QHH2/ `2HB#H2 i`MbTQ`i 7Q` rB`2H2bb
b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 8i? AMi2`MiBQMH *QM72`2M+2 QM 1K#2//2/
"A"GAP:_S>u Rj8
L2irQ`F2/ a2MbQ` avbi2Kb- a2Mavb Ƕyd- T;2b jy8ĜjRN- L2r uQ`F- Lu- la- kyydX
*JX
(Cayy) q2MvmX C M/ >2MMBM;X aX JQ/2HBM; Q7 T+F2i HQbb M/ /2Hv M/ i?2B` 2z2+i QM
`2H@iBK2 KmHiBK2/B b2`pB+2 [mHBivX AM S_P*11.AL:a P6 LPaa.o Ƕkyyy-
kyyyX
(Ca6+ye) .pB/ XXC- hBK Xa- _mbbX 6- 6HB+FBM;2`X.X J- G2B;?X a- _Q#2`iX _- M/ CvX GX JQ#BH2
2KmH#,  `Q#QiB+ rB`2H2bb M/ b2MbQ` M2irQ`F i2bi#2/X kyyeX
(Ca:aRe) C2QM;Xa- EBKX>X aX- uQQMXaX :- M/ "?FX aX Z@#i, Zm2m2@#b2/ #m`bi i`MbKBbbBQM
Qp2` M bvM+?`QMQmb /miv@+v+H2 K+ T`QiQ+QHX A111 *QKKmMB+iBQMb G2ii2`b-
kyU9V,3RkĜ3R8- T`BH kyReX
(CwqRd) q2MX C- Mb`X w- M/ .`;B2X qX JQ#BG#,  h2bi#2/ 7Q` 1pHmiBM; JQ#BHBiv
JM;2K2Mi S`QiQ+QHb BM qaL- T;2b 9NĜ83X aT`BM;2` AMi2`MiBQMH Sm#HBb?BM;-
*?K- kyRdX
(E.""R8) E`##X1- .D2MQm`BX.- "QmHF#QmHXa- M/ ";mHXX *` T`F KM;2K2Mi rBi?
M2irQ`F2/ rB`2H2bb b2MbQ`b M/ +iBp2 `}/X AM kyR8 A111 AMi2`MiBQMH *QM72`2M+2
QM 1H2+i`QfAM7Q`KiBQM h2+?MQHQ;v U1AhV- T;2b jdjĜjd3- Jv kyR8X
(F:"RR) ³F2`#2`;XC- :B/HmM/XJ- M/ "Dƺ`FKMXJX 6mim`2 `2b2`+? +?HH2M;2b BM rB`2H2bb
b2MbQ` M/ +imiQ` M2irQ`Fb i`;2iBM; BM/mbi`BH miQKiBQMX AM kyRR Ni? A111
AMi2`MiBQMH *QM72`2M+2 QM AM/mbi`BH AM7Q`KiB+b- T;2b 9RyĜ9R8- CmHv kyRRX
(ESR8) EmK`X M/ >M+F2X:X SX  xB;#22@#b2/ MBKH ?2Hi? KQMBiQ`BM; bvbi2KX
A111 a2MbQ`b CQm`MH- R8URV,eRyĜeRd- CM kyR8X
(ESSye) a`BMBpbMX E- .miiX S- hpFQHBX - M/ G2pBbX SX lM/2`biM/BM; i?2 +mb2b Q7
T+F2i /2HBp2`v bm++2bb M/ 7BHm`2 BM /2Mb2 rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/@
BM;b Q7 i?2 9i? AMi2`MiBQMH *QM72`2M+2 QM 1K#2//2/ L2irQ`F2/ a2MbQ` avbi2Kb-
a2Mavb Ƕye- T;2b 9RNĜ9ky- L2r uQ`F- Lu- la- kyyeX *JX
(ESSRy) a`BMBpbMX E- .miiX S- hpFQHBX - M/ G2pBbX SX M 2KTB`B+H bim/v Q7 HQr@TQr2`
rB`2H2bbX *J h`MbX a2MX L2irX- eUkV,Re,RĜRe,9N- J`+? kyRyX
Rje "A"GAP:_S>u
(G*>:yd) hM;X G- qM;XEX *- >mM;Xu- M/ :mX6X *?MM2H +?`+i2`BxiBQM M/ HBMF
[mHBiv bb2bbK2Mi Q7 B222 3ykXR8X9@+QKTHBMi `/BQ 7Q` 7+iQ`v 2MpB`QMK2MibX A111
h`Mb+iBQMb QM AM/mbi`BH AM7Q`KiB+b- jUkV,NNĜRRy- Jv kyydX
(G*Gyd) G22X>- *2`TX- M/ G2pBbXSX AKT`QpBM; rB`2H2bb bBKmHiBQM i?`Qm;? MQBb2 KQ/@
2HBM;X AM kyyd ei? AMi2`MiBQMH avKTQbBmK QM AM7Q`KiBQM S`Q+2bbBM; BM a2MbQ`
L2irQ`Fb- T;2b kRĜjy- T`BH kyydX
(G1RR) GBmXhX M/ *2`TXX 1X 6Q`2b22 U9+V, qB`2H2bb HBMF T`2/B+iBQM mbBM; HBMF 72im`2bX
AM S`Q+22/BM;b Q7 i?2 Ryi? *JfA111 AMi2`MiBQMH *QM72`2M+2 QM AM7Q`KiBQM
S`Q+2bbBM; BM a2MbQ` L2irQ`Fb- T;2b kN9Ĝjy8- T`BH kyRRX
(GGER9) qQQbBFX G- "vQmM;X. XG- M/ LK;BX EX >v#`B/ i`MbKBbbBQM TQr2` +QMi`QH 7Q`
rB`2H2bb #Q/v b2MbQ` bvbi2KbX AMi2`MiBQMH CQm`MH Q7 .Bbi`B#mi2/ a2MbQ` L2i@
rQ`Fb- RyURyV,k8NR3R- kyR9X
(GJ.y8) *2`TX M/ qQM;X CX GX- JBQ/`;XSX- M/ 1bi`BMX .X h2KTQ`H T`QT2`iB2b Q7
HQr TQr2` rB`2H2bb HBMFb, JQ/2HBM; M/ BKTHB+iBQMb QM KmHiB@?QT `QmiBM;X AM
S`Q+22/BM;b Q7 i?2 ei? *J AMi2`MiBQMH avKTQbBmK QM JQ#BH2 / >Q+ L2irQ`FBM;
M/ *QKTmiBM;- JQ#B>Q+ Ƕy8- T;2b 9R9Ĝ9k8X *J- kyy8X
(GJ>+yj) .?MMDvX G- JMD2b?r`X- >2``KMMX6- lvbH@"BvBFQ;HmX1- M/ E2@
b?p`xBMXX J2bm`2K2Mi M/ +?`+i2`BxiBQM Q7 HBMF [mHBiv K2i`B+b BM 2M2`;v
+QMbi`BM2/ rB`2H2bb b2MbQ` M2irQ`FbX AM :HQ#H h2H2+QKKmMB+iBQMb *QM72`2M+2-
kyyjX :GP"1*PJ ǶyjX A111- pQHmK2 R- T;2b 99eĜ98k oQHXR- kyyjX
(GJSyN) ai2p2MX G- MFm`X J- M/ E`BbiQ72` aX CX SX _2/m+BM; p2`;2 TQr2` BM rB`2H2bb
b2MbQ` M2irQ`Fb i?`Qm;? /i `i2 /TiiBQMX kyyN A111 AMi2`MiBQMH *QM72`2M+2
QM *QKKmMB+iBQMb- T;2b RĜe- kyyNX
(GSy8) CmMX G M/ >m#mtXCX SX CQBMi KQ#BHBiv M/ `QmiBM; 7Q` HB72iBK2 2HQM;iBQM BM
rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b A111 k9i? MMmH CQBMi *QM72`2M+2 Q7
i?2 A111 *QKTmi2` M/ *QKKmMB+iBQMb aQ+B2iB2bX- pQHmK2 j- T;2b Rdj8ĜRd9e
pQHX j- J`+? kyy8X
"A"GAP:_S>u Rjd
(GSJ+Ry) JQiiQHX G- SB++QX :X S- *2`BQiiBX J- :mMX - M/ Jm`T?vX  GX LQi HH rB`2H2bb
b2MbQ` M2irQ`Fb `2 +`2i2/ 2[mH,  +QKT`iBp2 bim/v QM imMM2HbX *J h`MbX
a2MX L2irX- dUkV,R8,RĜR8,jj- a2Ti2K#2` kyRyX
(GaEayN) a?X G- _?mHX a- *MX 1X E- M/ S`bmMX aX Smb?#+F,  ?B//2M K`FQp KQ/2H
#b2/ b+?2K2 7Q` 2M2`;v 2{+B2Mi /i i`MbKBbbBQM BM b2MbQ` M2irQ`FbX / >Q+
L2irQ`Fb- dU8V,Ndj Ĝ N3e- kyyNX
(GaEayN#) a?X G- _?mHX a- *MX 1X E- M/ S`bmMX aX Smb?#+F,  ?B//2M K`FQp KQ/2H
#b2/ b+?2K2 7Q` 2M2`;v 2{+B2Mi /i i`MbKBbbBQM BM b2MbQ` M2irQ`FbX / >Q+
L2irQ`Fb- dU8V,Ndj Ĝ N3e- kyyNX
(GsR8) EQM;X G M/ GBmX sX KxB;, 1M#HBM; KmHiB@T+F2i `2+2TiBQM BM xB;#22X AM S`Q@
+22/BM;b Q7 i?2 kRbi MMmH AMi2`MiBQMH *QM72`2M+2 QM JQ#BH2 *QKTmiBM; M/
L2irQ`FBM;- JQ#B*QK ǶR8- T;2b 88kĜ8e8- L2r uQ`F- Lu- la- kyR8X *JX
(J+yk) . CX *X J+EvX AM7Q`KiBQM h?2Q`v- AM72`2M+2  G2`MBM; H;Q`Bi?KbX *K#`B/;2
lMBp2`bBiv S`2bb- L2r uQ`F- Lu- la- kyykX
(J"yR) EBKX J M/ LQ#H2X "X JQ#BH2 M2irQ`F 2biBKiBQMX AM S`Q+22/BM;b Q7 i?2 di? MMmH
AMi2`MiBQMH *QM72`2M+2 QM JQ#BH2 *QKTmiBM; M/ L2irQ`FBM;- JQ#B*QK ǶyR-
T;2b kN3ĜjyN- L2r uQ`F- Lu- la- kyyRX *JX
(J"ARy) *Q`+?/QXCX J- "DQXCX- hTBX.X A- M/ #`?KXX lbBM; ?2i2`Q;2M2Qmb rB`2H2bb
b2MbQ` M2irQ`Fb BM  i2H2KQMBiQ`BM; bvbi2K 7Q` ?2Hi?+`2X A111 h`Mb+iBQMb QM
AM7Q`KiBQM h2+?MQHQ;v BM "BQK2/B+BM2- R9UkV,kj9Ĝk9y- J`+? kyRyX
(J*GRk) .Q//p2MFiTTX J- *?MX JX *- M/ MM/X X GX AM/`Bv,  HQr@+Qbi- j/
rB`2H2bb b2MbQ` M2irQ`F i2bi#2/X AM h?MbBb EQ`FBb- >QM;#BM GB- S?mQ+ h`M@:B-
M/ >QM;@a?BF S`F- 2/BiQ`b- h2bi#2/b M/ _2b2`+? AM7`bi`m+im`2X .2p2HQTK2Mi
Q7 L2irQ`Fb M/ *QKKmMBiB2b- T;2b jykĜjRe- "2`HBM- >2B/2H#2`;- kyRkX aT`BM;2`
"2`HBM >2B/2H#2`;X
(JERd) :Ƀ`bmX>X J M/ E2HH2`2`XqX .2/HBM2@r`2 rB`2H2bb b2MbQ` M2irQ`F `QmiBM;, h?2
DHi K2i`B+X AM kyRd A111 AMi2`MiBQMH *QM72`2M+2 QM *QKKmMB+iBQMb qQ`Fb?QTb
UA** qQ`Fb?QTbV- T;2b eRkĜeRd- Jv kyRdX
Rj3 "A"GAP:_S>u
(Jo.Rj) aTm?H2`X J- G2M/2`bX o- M/ :BmbiBMBMQX .X "HBix, qB`2H2bb HBMF [mHBiv 2biBKiBQM
BM i?2 /`FX AM SB2i .2K22bi2`- AM;`B/ JQ2`KM- M/ M/`2b h2`xBb- 2/BiQ`b-
qB`2H2bb a2MbQ` L2irQ`Fb- T;2b NNĜRR9- "2`HBM- >2B/2H#2`;- kyRjX aT`BM;2` "2`HBM
>2B/2H#2`;X
(L>+Ry) "++Qm`X L- EQm#X - uQmbb27X >- "2M CKX J- /Q _Qb`BQX .- Hp2bX J- M/
"2+F2`X G "X 6@H[2,  7mxxv HBMF [mHBiv 2biBKiQ` 7Q` rB`2H2bb b2MbQ` M2irQ`FbX
AM CQ`;2 a aBHp- "?bF` E`Bb?MK+?`B- M/ 62`MM/Q "QpB/- 2/BiQ`b- qB`2@
H2bb a2MbQ` L2irQ`Fb- T;2b k9yĜk88- "2`HBM- >2B/2H#2`;- kyRyX aT`BM;2` "2`HBM
>2B/2H#2`;X
(LE"Rj) Lbb2`XL- HBX- E`BKXG- M/ "2H?Qm`BXaX M 2{+B2Mi rB`2H2bb b2MbQ` M2irQ`F@
#b2/ ri2` [mHBiv KQMBiQ`BM; bvbi2KX AM kyRj *a AMi2`MiBQMH *QM72`2M+2 QM
*QKTmi2` avbi2Kb M/ TTHB+iBQMb UA**aV- T;2b RĜ9- Jv kyRjX
(LG+Rk) "++Qm`X L- EQm#X - JQiiQHX G- wȹ MB;X J - uQmbb27X >- "QMQX * - M/
Hp2bX JX _/BQ HBMF [mHBiv 2biBKiBQM BM rB`2H2bb b2MbQ` M2irQ`Fb,  bm`p2vX
*J h`MbX a2MX L2irX- kyRkX
(LC"o*Rk) L/BKBX1Xa- CǠ`;2Mb2MX_XL- "HM2b@oB/HXo- M/ *?`Bbi2Mb2MXaX JQMBiQ`BM; M/
+HbbB7vBM; MBKH #2?pBQ` mbBM; xB;#22@#b2/ KQ#BH2 / ?Q+ rB`2H2bb b2MbQ` M2i@
rQ`Fb M/ `iB}+BH M2m`H M2irQ`FbX *QKTmi2`b M/ 1H2+i`QMB+b BM ;`B+mHim`2-
3k,99 Ĝ 89- kyRkX
(S3d) _Qmbb22mrX SX aBH?Qm2ii2b,  ;`T?B+H B/ iQ i?2 BMi2`T`2iiBQM M/ pHB/iBQM Q7
+Hmbi2` MHvbBbX CX *QKTmiX TTHX Ji?X- kyURV,8jĜe8- LQp2K#2` RN3dX
(S:oCRk) :QMBxxBX S- 62```BX :- :vX o- M/ G2;mvX CX _2/mM/Mi /Bbi`B#mi2/ /i biQ`@
;2 @ 2tT2`BK2MiiBQM rBi? i?2 b2MbH# i2bi#2/X AM a1LaP_L1ha- T;2b R8ĜkjX
a+Bh2S`2bb- kyRkX
(SLJ.yj) G2pBbX S- G22X L- q2Hb?X J- M/ *mHH2`X .X hQbbBK, ++m`i2 M/ b+H#H2 bBKmH@
iBQM Q7 2MiB`2 iBMvQb TTHB+iBQMbX AM S`Q+22/BM;b Q7 i?2 Rbi AMi2`MiBQMH *QM72`2M+2
QM 1K#2//2/ L2irQ`F2/ a2MbQ` avbi2Kb- a2Mavb Ƕyj- T;2b RkeĜRjd- L2r uQ`F-
Lu- la- kyyjX *JX
"A"GAP:_S>u RjN
(Slyk) STQmHBbX M/ SBHHBXaX lX S`Q##BHBiv- _M/QK o`B#H2b- M/ aiQ+?biB+ S`Q@
+2bb2bX J+:`r@>BHH >B;?2` 1/m+iBQM- 9 2/BiBQM- kyykX
(SqRj) qQH7X"X S M/ G`bX *X qX S`Q#2@#b2/ h`MbKBbbBQM SQr2` *QMi`QH 7Q` .2T2M/@
#H2 qB`2H2bb a2MbQ` L2irQ`FbX AM h?2 Ni? A111 AMi2`MiBQMH *QM72`2M+2 QM
.Bbi`B#mi2/ *QKTmiBM; BM a2MbQ` avbi2Kb kyRj UA111 .*Qaa kyRjV- *K#`B/;2-
la- Jv kyRjX
(ZqRk) .QM;X Z M/ .`;B2X qX MHvbBb Q7 i?2 +Qbi Q7 ?M/Qp2` BM  KQ#BH2 rB`2H2bb
b2MbQ` M2irQ`FX AM u2p;2MB EQm+?2`vpv- G27i2`Bb JKib- A#`?BK Jii- M/
obbBHBb hbQmbbB/Bb- 2/BiQ`b- qB`2/fqB`2H2bb AMi2`M2i *QKKmMB+iBQM- T;2b jR8Ĝ
jkk- "2`HBM- >2B/2H#2`;- kyRkX aT`BM;2` "2`HBM >2B/2H#2`;X
(Zs6+R9) GBMX ZB- J`FX sm- w2iBMX 6- h`2#`X J- M/ sBQb?mMX wX *kbH/b,  rbM@#b2/
T2`Bb?#H2 7QQ/ b?2H7@HB72 T`2/B+iBQM M/ Hb7Q bi`i2;v /2+BbBQM bmTTQ`i bvbi2K BM
+QH/ +?BM HQ;BbiB+bX 6QQ/ *QMi`QH- j3,RN Ĝ kN- kyR9X
(Zws+RR) GBM XZB- CBMX w- J`FX sm- w2iBMX 6m- q2BX *- M/ sBQb?mM XwX .2p2HQTBM;
rbM@#b2/ i`+2#BHBiv bvbi2K 7Q` `2+B`+mHiBQM [m+mHim`2X Ji?2KiB+H M/
*QKTmi2` JQ/2HHBM;- 8jURRV,kRek Ĝ kRdk- kyRRX _2+2Mi /pM+2b BM aBKmHiBQM
M/ Ji?2KiB+H JQ/2HBM; Q7 qB`2H2bb L2irQ`FbX
(_3N) Gr`2M+2X _X  imiQ`BH QM ?B//2M K`FQp KQ/2Hb M/ b2H2+i2/ TTHB+iBQMb BM
bT22+? `2+Q;MBiBQMX AM S_P*11.AL:a P6 h>1 A111- T;2b k8dĜk3e- RN3NX
(_>yy) >2BMx2HKMX q X_- *?M/`FbMX - M/ "HF`Bb?MMX >X 1M2`;v@2{+B2Mi +QK@
KmMB+iBQM T`QiQ+QH 7Q` rB`2H2bb KB+`Qb2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 jj`/
>rBB AMi2`MiBQMH *QM72`2M+2 QM avbi2K a+B2M+2b@oQHmK2 3 @ oQHmK2 3- >A*aa
Ƕyy- T;2b 3ykyĜ- qb?BM;iQM- .*- la- kyyyX A111 *QKTmi2` aQ+B2ivX
(_6J+Rj) GBKX _- 62```BX 6- wBKK2`HBM;X J- qHb2`X *- aQKK2`X S- M/ "2mi2HX CX 6HQ+FH#,
 i2bi#2/ 7Q` /Bbi`B#mi2/- bvM+?`QMBx2/ i`+BM; M/ T`Q}HBM; Q7 rB`2H2bb 2K#2//2/
bvbi2KbX AM S`Q+22/BM;b Q7 i?2 Rki? AMi2`MiBQMH *QM72`2M+2 QM AM7Q`KiBQM S`Q@
+2bbBM; BM a2MbQ` L2irQ`Fb- ASaL ǶRj- T;2b R8jĜRee- L2r uQ`F- Lu- la- kyRjX
*JX
R9y "A"GAP:_S>u
(aXye) GHQv/X aX G2bi b[m`2b [mMiBxiBQM BM T+KX A111 h`MbX AM7X h?2Q`X- k3UkV,RkNĜ
Rjd- a2Ti2K#2` kyyeX
(aSy3) EMMMX a- J`B XE- aipBFX - M/ S?BHBTXGX h?2 #2i@7+iQ`, K2bm`BM;
rB`2H2bb HBMF #m`biBM2bbX AM a2Mavb kyy3- T;2b kNĜ9k- kyy3X
(a*ERR) aQmBbbBX_- *?2BF?`Qm?QmXP- EKKQmMXA- M/ #B/XJX  T`FBM; KM;2K2Mi
bvbi2K mbBM; rB`2H2bb b2MbQ` M2irQ`FbX AM A*J kyRR S`Q+22/BM;- T;2b RĜd- .2+
kyRRX
(a*G+yd) a2M2HXJX- *?BMiHTm/BXE- GHX.- E2b?p`xBMX- M/ *QvH2X1X CX  FHKM }H@
i2` #b2/ HBMF [mHBiv 2biBKiBQM b+?2K2 7Q` rB`2H2bb b2MbQ` M2irQ`FbX AM A111
:GP"1*PJ kyyd @ A111 :HQ#H h2H2+QKKmMB+iBQMb *QM72`2M+2- T;2b 3d8Ĝ33y-
LQp kyydX
(a*q+ye) CBMX a- a??X _ *X- "`mM2ii2X q- "Q``B2HHQX :- M/ _QvX aX 1tTHQBiBM; KQ#BHBiv
7Q` 2M2`;v 2{+B2Mi /i +QHH2+iBQM BM rB`2H2bb b2MbQ` M2irQ`FbX JQ#BH2 L2irQ`Fb
M/ TTHB+iBQMb- RRUjV,jkdĜjjN- CmM kyyeX
(a1Ry) a`BpbipX_ M/ EQFbHX*X 1X 1M2`;v QTiBKH i`MbKBbbBQM b+?2/mHBM; BM rB`2H2bb
b2MbQ` M2irQ`FbX A111 h`Mb+iBQMb QM qB`2H2bb *QKKmMB+iBQMb- NU8V,R88yĜR8ey-
Jv kyRyX
(aC:+ye) GBMX a- w?M;X C- w?QmX :- :mX G- aiMFQpB+X CX- M/ >2X hX iT+, /TiBp2
i`MbKBbbBQM TQr2` +QMi`QH 7Q` rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2
9i? AMi2`MiBQMH *QM72`2M+2 QM 1K#2//2/ L2irQ`F2/ a2MbQ` avbi2Kb- a2Mavb Ƕye-
T;2b kkjĜkje- L2r uQ`F- Lu- la- kyyeX *JX
(aEG*R9) "vmM;X> a- ErM;XCX E- u2X GB- M/ uQmM;XqX *X +iBp2@K`;BM i`MbKBbbBQM
TQr2` +QMi`QH 7Q` rB`2H2bb b2MbQ` M2irQ`FbX AMi2`MiBQMH CQm`MH Q7 .Bbi`B#mi2/
a2MbQ` L2irQ`Fb- RyU8V,N89RyN- kyR9X
(aGye) EMMMX a M/ S?BHBT XGX _aaA Ab lM/2`@TT`2+Bi2/X AM S`Q+22/BM;b Q7 i?2 h?B`/
qQ`Fb?QT QM 1K#2//2/ L2irQ`F2/ a2MbQ`b U1KL2ibV- Jv kyyeX
(aP6RR) .m[m2MMQvX a- ƹbi2`HBM/X 6- M/ .mMF2HbX X GQbbv HBMFb- HQr TQr2`- ?B;? i?`Qm;?@
TmiX AM a2Mavb ǶRR- T;2b RkĜk8- L2r uQ`F- Lu- la- kyRRX *JX
"A"GAP:_S>u R9R
(a_S+yd) EBKX a- 6QMb2+X _- .miiX S- hpFQHBX - *mHH2`X .- G2pBbX S- a?2MF2`X a- M/
aiQB+X AX 6Hmb?,  `2HB#H2 #mHF i`MbTQ`i T`QiQ+QH 7Q` KmHiB?QT rB`2H2bb M2irQ`FbX
AM a2Mavb Ƕyd- T;2b j8RĜje8- L2r uQ`F- Lu- la- kyydX *JX
(a__Eye) _M;rHX a- :mKK/BX _- :QpBM/MX _- M/ SbQmMBbX EX AMi2`72`2M+2@r`2 7B`
`i2 +QMi`QH BM rB`2H2bb b2MbQ` M2irQ`FbX aA:*PJJ *QKTmiX *QKKmMX _2pX-
jeU9V,ejĜd9- m;mbi kyyeX
(aa1+Ry) JmMB`X a- GBMX a- >Q[m2X 1- LB`DQMX aX JX- aiMFQpB+X C X- M/ q?Bi2?Qmb2X EX
//`2bbBM; #m`biBM2bb 7Q` `2HB#H2 +QKKmMB+iBQM M/ Hi2M+v #QmM/ ;2M2`iBQM
BM rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 Ni? *JfA111 AMi2`MiBQMH
*QM72`2M+2 QM AM7Q`KiBQM S`Q+2bbBM; BM a2MbQ` L2irQ`Fb- ASaL ǶRy- T;2b jyjĜ
jR9- L2r uQ`F- Lu- la- kyRyX *JX
(aoy3) sBQX a- aBp`KMX o- M/ "m`/2iiX X /TiBM; `/BQ i`MbKBi TQr2` BM rB`2H2bb
#Q/v `2 b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 A*ah j`/ AMi2`MiBQMH *QM@
72`2M+2 QM "Q/v `2 L2irQ`Fb- "Q/vL2ib Ƕy3- T;2b R9,RĜR9,3- A*ah- "`mbb2Hb-
"2H;BmK- "2H;BmK- kyy3X A*ah UAMbiBimi2 7Q` *QKTmi2` a+B2M+2b- aQ+BH@AM7Q`KiB+b
M/ h2H2+QKKmMB+iBQMb 1M;BM22`BM;VX
(h1Rk) GBmX h M/ *2`TX X 1X hH2Mi, h2KTQ`H /TiBp2 HBMF 2biBKiQ` rBi? MQ i`BMBM;X
AM S`Q+22/BM;b Q7 i?2 Ryi? *J *QM72`2M+2 QM 1K#2//2/ L2irQ`F a2MbQ` avbi2Kb-
a2Mavb ǶRk- T;2b k8jĜkee- L2r uQ`F- Lu- la- kyRkX *JX
(h1R9) GBmX h M/ *2`TX X 1X h2KTQ`H /TiBp2 HBMF [mHBiv T`2/B+iBQM rBi? QMHBM2
H2`MBM;X *J h`MbX a2MX L2irX- RyUjV,9e,RĜ9e,9R- Jv kyR9X
(hSyN) _mbFX h M/ G2pBbX SX "m`biBM2bb M/ b+HBM; BM i?2 bi`m+im`2 Q7 HQr@TQr2` rB`2H2bb
HBMFbX aA:JP"AG1 JQ#X *QKTmiX *QKKmMX _2pX- RjURV,eyĜe9- CmM2 kyyNX
(hSyN#) _mbFX h M/ G2pBbX SX "m`biBM2bb M/ b+HBM; BM i?2 bi`m+im`2 Q7 HQr@TQr2` rB`2H2bb
HBMFbX aA:JP"AG1 JQ#X *QKTmiX *QKKmMX _2pX- RjURV,eyĜe9- CmM2 kyyNX
(hoy8) .pB/X h M/ S`KQ/X oX 6mM/K2MiHb Q7 rB`2H2bb +QKKmMB+iBQMX *K#`B/;2
mMBp2`bBiv T`2bb- kyy8X
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(oR8) LM/m`vXaX o M/ "2;mKX"X X aK`i rbM@#b2/ m#B[mBiQmb `+?Bi2+im`2 7Q` bK`i
+BiB2bX AM kyR8 AMi2`MiBQMH *QM72`2M+2 QM /pM+2b BM *QKTmiBM;- *QKKmMB+@
iBQMb M/ AM7Q`KiB+b UA***AV- T;2b kjeeĜkjdj- m; kyR8X
(oye) >M/xBbFBX o- EƺTF2X - qBHHB;X - M/ qQHBbxX X hrBbi,  b+H#H2 M/ `2+QM};@
m`#H2 i2bi#2/ 7Q` rB`2H2bb BM/QQ` 2tT2`BK2Mib rBi? b2MbQ` M2irQ`FbX AM S`Q+22/BM;b
Q7 i?2 kL/ AMi2`MiBQMH qQ`Fb?QT QM JmHiB@?QT / >Q+ L2irQ`Fb, 6`QK h?2Q`v
iQ _2HBiv- _1GJL Ƕye- T;2b ejĜdy- L2r uQ`F- Lu- la- kyyeX *JX
(o:a+Rj) oH+?2bXS- :Bz`2/X_- aip`QmHFBXo- E2HB/QMBbX.- 6Qi2BMQbXo- SQmHBQbX:- .2@
K2biB+?bXS- aQKQpX- "BbrbXX _- M/ JQ2bbM2`XEX 1M#HBM; bK`i +BiB2b
i?`Qm;?  +Q;MBiBp2 KM;2K2Mi 7`K2rQ`F 7Q` i?2 BMi2`M2i Q7 i?BM;bX A111 *QK@
KmMB+iBQMb J;xBM2- 8RUeV,RykĜRRR- CmM2 kyRjX
(oS>+Ry) S?MX*X o- S`FXuX- *?QBX>X >- *?QXC- M/ EBKXCX :X M 2M2`;v@2{+B2Mi i`Mb@
KBbbBQM bi`i2;v 7Q` rB`2H2bb b2MbQ` M2irQ`FbX A111 h`Mb+iBQMb QM *QMbmK2`
1H2+i`QMB+b- 8eUkV,8NdĜey8- Jv kyRyX
(oho+R8) J oQ- h?M? LX hX hX- h`MX o- G JB- M/ G2X *?B@hX qB`2H2bb b2MbQ` M2irQ`F
7Q` `2H iBK2 ?2Hi?+`2 KQMBiQ`BM;, L2irQ`F /2bB;M M/ T2`7Q`KM+2 2pHmiBQM
bBKmHiBQMX AM oQ oM hQB M/ h`M > GB2M S?mQM;- 2/BiQ`b- 8i? AMi2`MiBQMH
*QM72`2M+2 QM "BQK2/B+H 1M;BM22`BM; BM oB2iMK- T;2b 3dĜNR- *?K- kyR8X
aT`BM;2` AMi2`MiBQMH Sm#HBb?BM;X
(q.R8) q2MXC- Mb`Xw- M/ .`;B2XqX  HBMF [mHBiv 2biBKiBQM KQ/2H 7Q` 2M2`;v@2{+B2Mi
rB`2H2bb b2MbQ` M2irQ`FbX AM kyR8 A111 AMi2`MiBQMH *QM72`2M+2 QM *QKKmMB+@
iBQMb UA**V- T;2b eeN9Ĝedyy- CmM2 kyR8X
(q.Re) q2MXC- Mb`Xw- M/ .`;B2XqX  bvbi2K `+?Bi2+im`2 7Q` KM;BM; +QKTH2t 2t@
T2`BK2Mib BM rB`2H2bb b2MbQ` M2irQ`FbX AM kyRe k8i? AMi2`MiBQMH *QM72`2M+2 QM
*QKTmi2` *QKKmMB+iBQM M/ L2irQ`Fb UA***LV- T;2b RĜN- m; kyReX
(q*Ry) .`;B2X q M/ SQ2HH#m2`X *X 6mM/K2MiHb Q7 qB`2H2bb a2MbQ` L2irQ`Fb, h?2Q`v
M/ S`+iB+2X qBH2v Sm#HBb?BM;- kyRyX
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(qZwZRj) 6M;X q- w?QmX Z- qM;X w- M/ GBmX ZX M /TiBp2 i`MbKBbbBQM b+?2K2 7Q` rB`2@
H2bb b2MbQ` M2irQ`FbX AMi2`MiBQMH CQm`MH Q7 6mim`2 :2M2`iBQM *QKKmMB+iBQM
 L2irQ`FBM;- eURV- kyRjX
(s*ye) uBM;[BX sm M/ G22XqX *X 1tTHQ`BM; bTiBH +Q``2HiBQM 7Q` HBMF [mHBiv 2biBKiBQM
BM rB`2H2bb b2MbQ` M2irQ`FbX AM 6Qm`i? MMmH A111 AMi2`MiBQMH *QM72`2M+2
QM S2`pbBp2 *QKTmiBM; M/ *QKKmMB+iBQMb US1_*PJǶyeV- T;2b Ry TTXĜkRR-
J`+? kyyeX
(u.:+Rj) GBX u- :`?KX .- w?QmX :- ZBX s- .2M;X a- M/ sBQX .X .Bb+`2i2@iBK2 K`FQp
KQ/2H 7Q` rB`2H2bb HBMF #m`biBM2bb bBKmHiBQMbX qB`2H2bb S2`bQMH *QKKmMB+iBQMb-
dkUkV,N3dĜRyy9- a2T kyRjX
(uJGyd) qM;X u- J`iQMQbBX J- M/ S2?X GBX S`2/B+iBM; HBMF [mHBiv mbBM; bmT2`pBb2/
H2`MBM; BM rB`2H2bb b2MbQ` M2irQ`FbX aA:JP"AG1 JQ#X *QKTmiX *QKKmMX _2pX-
RRUjV,dRĜ3j- CmHv kyydX
(uS_Rk) uM;XC- SQ`iBHHXC- M/ _B2b;QXhX aK`i T`FBM; b2`pB+2 #b2/ QM rB`2H2bb b2MbQ`
M2irQ`FbX AM A1*PL kyRk @ j3i? MMmH *QM72`2M+2 QM A111 AM/mbi`BH 1H2+i`QMB+b
aQ+B2iv- T;2b eykNĜeyj9- P+i kyRkX
(XwRk) a2`;2 XwX aQHB/@bii2 b2MbQ`b KQMBiQ`BM; T`K2i2`b Q7 ri2` [mHBiv 7Q` i?2
M2ti ;2M2`iBQM Q7 rB`2H2bb b2MbQ` M2irQ`FbX a2MbQ`b M/ +imiQ`b ", *?2KB@
+H- ReRURV,R Ĝ ky- kyRkX
(w"*+R9) wM2HHX- "mBXL- *bi2HHMBX- oM;2HBbiXG- M/ wQ`xBXJX AMi2`M2i Q7 i?BM;b 7Q`
bK`i +BiB2bX A111 AMi2`M2i Q7 h?BM;b CQm`MH- RURV,kkĜjk- 62# kyR9X
(wC.qR8) Mb`X w- q2MX C- v2H2X 1X .- M/ .`;B2X qX M 2{+B2Mi #m`bi i`MbKBbbBQM
b+?2K2 7Q` rB`2H2bb b2MbQ` M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 R3i? *J AMi2`MiBQMH
*QM72`2M+2 QM JQ/2HBM;- MHvbBb M/ aBKmHiBQM Q7 qB`2H2bb M/ JQ#BH2 avbi2Kb-
JaqBJ ǶR8- T;2b R8RĜR88- L2r uQ`F- Lu- la- kyR8X *JX
(wC.qR8#) Mb`X w- q2MX C- v2H2X 1X .- M/ .`;B2X qX M 2{+B2Mi #m`bi i`MbKBbbBQM
b+?2K2 7Q` rB`2H2bb b2MbQ` M2irQ`FbX AM JaqBJ ǶR8- T;2b R8RĜR88- L2r uQ`F-
Lu- la- kyR8X *JX
R99 "A"GAP:_S>u
(wqRd) Mb`X wX M/ .`;B2X qX /TiBp2 #m`bi i`MbKBbbBQM b+?2K2 7Q` rbMbX AM kyRd
kei? AMi2`MiBQMH *QM72`2M+2 QM *QKTmi2` *QKKmMB+iBQM M/ L2irQ`Fb UA*@
**LV- T;2b RĜd- CmHv kyRdX
